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This  report  was  submitted  for  publication  in  March  1994. 

4  Publication  of  this  report  does  not  constitute  Air  Force  aproval  of  the  findings  or  conclusions  presented. 
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ABSTRACT 

An  experimental  test  program  was  conducted  to  evaluate  different  techniques  of  fabricating/treating  holes 
in  extruded  polycarbonate.  This  program  included  surface  finish  evaluation  and  tension-tension  fatigue  and  tensile 
residual  strength  testing  of  polycarbonate  specimens  with  open  holes.  Eight  different  hole  fabrication/treatment 
techniques  were  developed,  including  drilling  (several  variations),  step  drilling,  entrv  and  exit  radiusing,  solvent 
polishing,  shot  peening,  and  cold  working.  The  differences  in  tensile  residual  strength  for  the  specimens  with  holes 
was  minimal;  however,  fatigue  life  varied  by  as  much  as  a  factor  of  ten  between  the  best  technique,  cold  working, 
and  the  worst,  chemical  polishing.  In  addition,  limited  testing  indicated  that  annealing  extruded  polycarbonate 
decreases  fatigue  life  by  elininating  favorable  residual  surface  compressive  stresses. 

SECTION  1 

INTRODUCTION/BACKGROUND 

As  the  usage  of  engineering  plastics  increases,  the  desire  for  better  understanding  of  the  plastic  material 
behavior  increases.  In  addition  to  basic  material  mechanical  properties  such  as  tensile  strength,  tensile  modulus, 
etc.,  it  is  desirable  to  understand  the  effect  of  flaws  on  material  behavior,  and  to  understand  joining  techniques  such 
as  welding,  bonding,  and  fastening  with  bolts  or  rivets.  Flaws  include  inclusions,  scratches,  machined  surfaces, 
rough  surfaces  etc.  Fasteners  are  often  used  to  join  piastics  to  plastics  or  other  materials.  Fasteners  require  that 
holes  be  made  in  the  plastic.  These  holes  and  holes  made  in  the  plastic  for  other  reasons  are  potential  failure 
locations  as  they  can  be  thought  of  as  flaws  in  e  material  which  result  in  stress  concentrations.  One  of  the  uses 
of  plastics  for  the  USAF  is  aircraft  transparencies,  which  are  typically  bolted  to  the  aircraft.  These  transparencies 
are  subject  to  flight,  thermal,  and  aerodynamic  loadings,  which  independently  or  in  conjunction  with  chemicals  can 
cause  fatigue  cracking  at  the  fastener  locations1,2. 

In  this  effort,  testing  was  conducted  to  evaluate  different  techniques  of  hole  fabrication/treatment  for 
polycarbonate.  While  much  work  in  this  area  has  been  conducted  for  metals,  essentially  no  published  work  exists 
fo>  plastic-. 


PROGRAM  OBJECTIVE/  '.COPE 

The  objective  of  this  effort  was  to  identify  hole  fabrication/treatment  techniques  which  had  potential  for 
improving  fatigue  life,  static  strength,  fracture  toughness,  and  fatigue  crack  growth  properties  for  polycarbonate. 
As  part  of  this  effort,  a  number  of  different  hole  fabrication/treatment  techniques  for  polycarbonate  which  had 
potential  for  improving  the  properties  listed  above  were  identified  and  eight  of  these  identified  techniques  were 
evaluated.  This  evaluation  consisted  of  tensile  testing  and  tension-tension  fatigue  testing  of  unflawed  dogbone 
polycarbonate  specimens  as  well  as  tensile  residual  strength  testing  and  tension-tension  fatigue  testing  of  rectangular 
npecimens  with  a  hole  at  the  center  of  the  specimen. 

*  Performed  under  Air  Force  Contract  F33615-92-C-3402  for  the  Wright  Laboratory,  Flight  Dynamics  Directorate, 
Wright-Pattenson  Air  Force  Base,  Ohio. 


SECTION  3 

LITERATURE  SEARCH  AND  INVESTIGATION  OF  HOLE  DRILLING 


A  literature  search  was  made  using  the  NASA,  COMPENDEX,  and  Chemical  Abstracts  data  bases. 
Subject  areas  included  hole  drilling/ fabrication  techniques  and  fatigue,  fracture,  and  tensile  testing  of  specimens  with 
flaws  or  holes.  The  majority  of  the  information  in  the  data  bases  was  for  metals.  Information  on 
fabricating/treating  holes  to  improve  engineering  properties  for  plastics  was  virtually  non-existent.  Many  of  the 
concepts  which  have  been  used  to  improve  fatigue  life,  static  strength,  fracture  toughness,  and  fatigue  crack  growth 
for  metals  are  applicable  to  plastics. 

There  are  a  number  of  good  reviews  of  fatigue  testing  of  polymers3"6,  and  there  are  a  number  of  papers 
specifically  dealing  with  fatigue  of  polycarbonate7"17.  Tayebi  and  Agrawal  studied  the  effects  of  stress 
concentrations  around  holes  in 

polycarbonate18.  They  reported  significant  reductions  in  effective  breaking  stress  for  rectangular  bar  tensile 
specimens  with  a  hole  drilled  in  the  center.  There  is  a  very  large  body  of  data  in  the  literature  for  fatigue  testing 
of  metals  and  other  materials.  A  number  of  techniques  have  been  investigated  and  reported  on  for  increasing  fatigue 
life  and  improving  fatigue  crack  initiation  and  growth  properties  for  both  specimens  and  engineering  systems  which 
have  open  holes  (not  loaded  by  a  lug  or  fastener)  or  loaded  holes  (loaded  by  a  lug  or  fastened. 

There  are  basically  four  areas  in  which  efforts  to  increase  service  life  and  strength  around  holes  in 
engineering  materials  can  be  focused.  These  four  areas  are  surface  finish  of  the  hole,  residual  stress  in  hole 
vicinity,  heat  or  chemical  affected  zone  in  hoie  vicinity,  and  mechanical  additions  to  the  hole  surface  or  vicinity  such 
as  bonded  patches  and  washers  or  bushings.  It  should  be  noted  that  there  can  be  synergistic  effects  between  these 
four  areas.  Surface  finish  is  a  function  of  the  hole  fsbri cation/treatment  technique  and  determines  flaw  size  and  the 
effective  stress  concentration  factor  associated  with  the  hoie.  Typically  fatigue  life  and  residual  strength  are  believed 
to  increase  with  increased  surface  smoothness,  both  for  holes  and  free  edges  of  structural  components  (see  Figure 
1  for  a  conceptual  example);  however,  some  materials  are  somewhat  insensitive  to  surface  smoothness,  and  it  is 
expected  that  there  is  a  limit  beyond  which  increases  in  smoothness  do  not  result  in  great  improvements  in  fatigue 
life.  An  example  of  the  effect  of  crack  length  (flaw  size)  on  residual  strength,  taken  from  testing  of  metal 
specimens,  is  shown  in  Figure  2.  It  should  be  noted  that  surface  roughness  can  be  thought  of  as  a  crack  (or  flaw) 
of  some  finite  length,  such  that  specimens  with  different  surface  roughnesses  can  be  thought  of  as  specimens  with 
different  "crack"  lengths.  Residual  stress  may  be  present  m  the  material  prior  to  fabrication  of  the  hole,  or  it  may 
be  caused  by  the  hole  fabrication/treatment  technique.  The  heat  affected  zone  is  a  function  of  cut:  ig  tool  speed, 
feed,  and  sharpness,  as  well  as  post  fabrication  treatments.  The  chemical  affected  zone  is  a  function  of  the  cutting 
lubricant  or  post  fabrication  polishing  or  chemical  treatment.  Mechanical  additions  to  the  hole  surface  or  interior 
change  the  load  path  through  the  hole,  possibly  resulting  in  a  lower  stress  concentration  factor.  Table  I  lists  the 
specific  potential  hole  fabrication/ireatraent  techniques  identified. 

Both  surface  finish  and  the  disturbed  or  worked  state  of  the  hole  surface  layer  are  discussed  by  Forsyth 
for  metallic  specimens  with  an  open  hole19.  For  open  hole  specimens,  Jarfall  and  Magnusson  found  no  correlation 
between  surface  roughness  and  fatigue  performance  for  holes  made  with  the  same  machining  technique?0.  Others 
have  shown  that  hole  surface  roughness  features  such  as  rifling  (spiral)  marks,  drill  chatter,  etc.  do  not  adversely 
affect  fatigue  performance,  while  axial  surface  roughness  features  such  as  axial  scratches  and  score  marks  along 
the  bore  of  the  hole  cause  early  initiation  of  cracks  and  reduced  fatigue  lives,  and  that  surface  roughness  below  a 
certain  value  does  not  increase  fatigue  performance21"23.  Similar  findings  were  reported  by  Noronba  et  ah;  in 
addition,  they  reported  significant  improvement  in  fatigue  performance  of  open  hole  specimens  and  low  load  transfer 
specimens  with  improved  drilling  techniques  which  included  rotation  of  the  drill  upon  retraction  from  the  hole  to 
reduce  axial  scratches;  they  reported  that  drilled  holes  may  be  slightly  better  than  reamed  holes  as  removal  of  the 
reamer  can  contribute  to  axial  scratches;  and,  they  reported  that  open  holes  drilled  using  non-standard  production 
techniques  behaved  only  slightly  worse  than  properly  drilled  holes  when  tested  in  fatigue?4.  Findings  summarized 
by  Coombe  were  that  for  open  hole  specimens  and  for  interference  fit  fastener  loaded  holes,  hole  quality  does  not 
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affect  fatigue  life,  but  for  interference  fit,  interference  is  critical25.  Mann  et  al.,  found  no  difference  in  fatigue  life 
for  clearance  fit  lug  loaded  holes  as  a  function  of  surface  finish26. 

Fjelstad  reported  that  electrochemical  detaining  of  printed  wiring  boards  can  result  in  rounding  of  sharp 
comers  of  holes  in  the  board,  in  turn  resulting  in  lower  stress  concentrations  and  increased  fatigue  life27. 

* 

Adhesive  bonding  of  fasteners  or  sleeves  into  holes  has  been  shown  to  decrease  stress  concentration  and 
stress  intensity  factors  and  increase  fatigue  life  of  lug  loaded  holes  in  aluminum  specimens,  including  those  which 
have  all  ready  cracked28  30. 

A  transverse  normal  pressure  in  the  vicinity  of  a  hole  in  sheet  molding  compound,  induced  by  using  a  bolt 
with  washers  on  each  end  to  create  a  clamping  force,  was  shown  to  increase  tensile  static  strength  and  fatigue  life 
of  an  open  hole  (no  load  applied  to  the  hole  surfaces)  specimen31. 

Shewchuk  and  others  reported  on  a  dimpling  technique  used  for  sheet  metals  which  cold  works  the  material 
in  the  vicinity  of  the  hole  and  results  in  increased  fatigue  life  for  fastener  joined  sheet  metal  specimens32,33. 

There  is  a  significant  body  of  literature  dealing  with  cold  working  of  holes  to  improve  fatigue  life  and 
fatigue  crack  growth  performance.  Stress  coining  techniques  were  reported  by  Speakinan34.  Other  cold  working 
techniques  are  summarized  by  Phillips  and  Champoux35'37.  A  large  number  of  papers  deal  with  specific  applications 
of  coldworking,  a  sampling  of  which  are  referenced  herein23,38-45.  In  addition,  significant  theoretical  treatment  of 
coldworking  has  been  conducted  along  with  measurement  of  induced  stresses,  a  sampling  of  which  are  referenced 
herein46'56. 

Shot  peening  has  been  used  extensively  for  automotive  and  aerospace  applications.  General  summaries  of 
shot  peening  with  many  references  have  been  published  by  the  Society  of  Automotive  Engineers57,  and  by  the  Metal 
Improvement  Company  in  a  trade  publication58.  A  brief  summary  of  theory  and  application  is  included  in  a 
company  brochure  by  Pangbom59.  Shot  peening  of  metal  parts  is  covered  by  a  Military  Specification,  MIL-S- 
13I65C60. 

The  most  common,  basic,  and  inexpensive  technique  of  fabricating  holes  in  engineering  materials  is  drilling. 
As  this  technique  was  considered  to  be  the  baseline  against  which  other  fabrication/treatment  techniques  would  be 
measured,  a  limited  investigation  of  hole  drilling  as  a  stand-alone  topic  was  conducted.  Based  on  an  evaluation  of 
hole  drilling  and  machining  techniques  for  polycarbonate  by  UDRI61  and  on  work  conducted  at  UDRI  in  the 
development  of  a  technique  for  measuring  residual  strain  in  plastics  using  the  strain  gage  hole  drilling  technique62, 
the  standard  twist  drill  was  chosen  as  the  technique  for  producing  all  holes  in  the  test  specimens.  Figure  3, 
reproduced  from  Reference  62,  shows  induced  machining  strain  in  cast  acrylic  for  a  standard  twist  drill,  a  carbide 
cutter,  a  lubricated  carbide  cutter,  a  relieved  end  mill,  and  a  high  speed  carbide  cutter.  The  induced  strain  caused 
by  drilling  a  hole  with  a  standard  drill  was  4  to  200  times  smaller  for  the  standard  twist  drill  than  for  the  other  types 
of  tools.  While  multiple  drill  tools  and  machining  tools  exist,  evaluation  of  these  was  beyond  the  scope  of  this 
program. 

Prior  to  drilling  holes  in  each  of  the  specimens,  a  brief  evaluation  of  the  effect  of  hole  drilling  parameters 
on  inciuced  residual  stress  was  conducted.  A  matrix  of  holes  were  drilled  in  a  ten  inch  square  blank  of 
polycarbonate,  with  feed  rate/RPM  combinations  including  feed  rates  of  0.0015,  0.003,  and  0.006  inches  per 
revolution  and  tool  speeds  between  50  and  2500  RPM.  The  holes  were  drilled  in  a  Bridgeport  vertical  milling 
'  machine.  The  procedure  was  as  follows:  the  holes  were  initiated  with  a  No.  3  centering  drill  and  then  a  new  0. 250- 

inch  high  speed  drill,  general  purpose,  manufactured  by  Cleveland  Drill  Company  was  used  in  the  machine  with 
constant  RPM  and  constant  automatic  feed.  After  allowing  the  blank  of  material  to  relax  for  24  hours,  stress  in  the 
vicinity  of  the  holes  was  estimated  by  viewing  the  vicinity  of  the  hole  using  polarized  sheets  on  the  front  and  back 
»  of  the  specimen.  Fringe  orders  were  counted  and  stress  was  calculated  using  a  fringe  order  constant  of  150  psi. 

The  lowest  induced  stress  was  for  specimens  drilled  at  the  lowest  tool  speed;  no  gross  differences  in  residual  stress 
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were  discemable  between  the  different  feed  rates.  The  effect  of  tool  speed  on  residual  stress  is  shown  in  Figure 
4  and  Table  2. 


SECTION  4 

CHOICE  AND  DESCRIPTION  OF  HOLE  FABRICATION/TREATMENT  TECHNIQUES 

* 

The  techniques  chosen  for  evaluation  are  discussed  below.  These  techniques  cover  a  broad  spectrum  of 
the  potential  techniques  from  Table  1.  Many  of  the  techniques  shown  in  Table  1  were  considered  to  be  too  exotic 
and  expensive  for  this  program,  or  not  suited  for  plastics. 

Hole  fabrication/treatment  techniques  chosen  for  evaluation  in  this  program  are  as  follows: 

[Notes:  All  holes  were  started  with  a  centering  drill  except  those  drilled  by  PPG,  and  a  new  drill  bit  was  used  for 
each  different  group  of  holes  except  as  noted.] 

Group  1.  Holes  were  drilled  in  a  Bridgeport  vertical  milling  machine  with  a  constant  speed  of  60  RPM 
and  a  constant  feed  rate  of  G.0015  inches/revolution,  using  a  new  0.250  inch  general  purpose  high  speed  steel 
standard  twist  drill  from  Cleveland  Drill  Company.  This  technique  represented  the  highest  quality  most  controlled 
single  step  production  of  boles.  The  shape  of  the  standard  twist  drill  evolved  over  the  early  history  of  machining 
of  materials,  and  has  remained  essentially  unchanged  for  many  years. 

Group  2.  Holes  were  step  drilled  with  technique  1  using  a  new  0.242  inch  drill  first  and  then  a  new  0.250 
inch  drill.  Step  drilling  decreases  the  amount  of  material  which  must  be  removed  with  each  cut,  which,  in  turn, 
reduces  the  heat  affected  zone  surrounding  the  hole. 

Group  3.  Holes  were  drilled  using  technique  1,  then  the  entry  and  exit  comers  of  the  hole  were  radiused 
with  a  modified  counter  sink  which  had  a  i/32  inch  radius  and  a  0.250  inch  pilot  mourned  in  a  drill  press  with  a 
stop  counter  sink  to  control  depth  of  cut  and  run  at  approximately  200  rpm  with  manual  feed.  The  surfaces  of  the 
holes  were  shot  peened  by  Metal  Improvement  Inc.  with  various  shot  sizes  snd  intensities  as  shown  in  Table  3. 

Shot  peening  can  be  used  to  relieve  residual  stresses,  or  to  impart  compressive  residual  stresses  which  tend  to  retard 
crack  initiation  and  crack  growth.  The  entry  and  exit  corners  of  the  hole  were  radiused  to  allow  shot  peening  of 
the  hole  comers. 

Group  4.  Holes  were  drilled  by  PPG  Industries,  using  a  new  0.250  inch  general  purpose  high  speed  steel 
standard  twist  drill  and  a  proprietary  hole  drilling  technique  which  they  have  developed  specifically  for  drilling 
polycarbonate  aircraft  transparencies.  They  have  reported  a  substantial  increase  in  birdstrike  resistance  of  F-Ill 
ADBIRT  windshield  transparencies  with  this  technique  over  standard  bole  drilling  techniques. 

Group  5,  Holes  were  drilled  using  technique  1,  and  were  then  polished  by  inserting  a  cotton  swab  soaked 
in  toluene  into  the  L  ;le  and  rotating  the  swab  five  times,  and  then  inserting  the  swab  into  the  hole  from  the  other 
side  and  rotating  the  swab  five  times.  Chemical  polishing  techniques  poteutially  could  be  used  to  reduce  burrs  and 
minor  surface  irregularities  at  minimal  cost.  Solvents  can  be  used  to  polish  the  suiface  by  dissolving  burrs  and 
softening  the  surface  material,  allowing  irregularities  to  be  smoothed  out.  Care  must  be  taken  not  to  contaminate 
the  specimens  and  not  to  apply  the  chemicals  to  specimens  with  high  residual  stresses,  as  crazing  would  result.  A 
number  of  candidate  chemicals  were  identified  as  possible  choices  for  polishing  the  holes.  These  candidates 
included  THF,  MEK,  acetone,  methylene  chloride,  and  toluene.  Dichloro-Methane  was  used  to  solvent  polish 
machined  edges  in  Reference  61  in  an  attempt  to  increase  craze  resistance  of  the  machined  edge.  No  noticeable  * 

improvement  in  solvent  resistance  was  detected,  however  the  edges  did  become  glassy  smooth.  Polycarbonate  is 
at  least  partially  soluble  in  all  of  these  chemicals. 

Group  6.  Holes  were  drilled  using  technique  1,  then  cold  worked  using  the  setup  shown  in  Figure  5  by  # 

pushing  a  vaseline  lubricated  0.2812  inch  diameter  tapered  pin  through  the  hole.  Some  developmental  work  was 
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conducted  to  choose  an  appropriate,  amount  of  interference  (12.5  %  was  chosen),  but  no  effort  was  made  to  optimize 
the  interference.  Interferences  of  2  to  4  %  are  common  for  aircraft  grade  aluminums,  where  the  yield  strain  is  on 
the  order  of  0.5  %.  For  polycarbonate  the  actual  yield  strain  is  defined  in  different  ways  by  different  people. 
Herein  it  is  defined  as  the  strain  which  corresponds  to  the  yield  stress,  where  the  yield  stress  is  the  first  stress  peak 
in  the  stress  strain  curve.  For  static  strain  rates,  the  nomine!  yield  stress  for  polycarbonate  is  9500  psi  and  the 
corresponding  yield  strain  is  8  % .  Cold  working  is  one  of  the  most  promising  techniques  and  has  been  studied 
extensively  for  metals.  Cold  working  results  in  compressive  stresses  at  the  surfaces  of  the  hole,  which  tend  to 
retard  crack  initiation  and  crack  growth. 

Group  7.  Holes  were  drilled  using  technique  1 ,  then  the  entry  and  exit  comers  of  the  hole  were  radiused 
with  a  modified  counter  sink  which  had  a  1/32  inch  radius  and  a  0.250  inch  pilot  mounted  in  a  drill  press  with  a 
stop  counter  sink  to  control  depth  of  cut  and  run  at  approximately  200  rpm  with  manual  feed.  Sharp  comers  are 
generally  associated  with  high  stress  concentrations.  Removing  the  sharp  corners  by  radiusing  tbe  hole  entry  and 
exit  reduces  the  stress  concentration  at  these  locations. 

Group  8.  Holes  were  drilled  manually  using  a  0.250  inch  general  purpose  high  speed  steel  standard  twist 
drill  from  the  machinist’s  tool  box  with  a  high  speed  air  drill  at  a  nominal  speed  of  3640  RPM.  Ibis  technique  was 
considered  representative  of  typical  field  or  shop  drilling  of  holes  by  band.  Hand  drilling  with  the  standard  twist 
drill  is  the  most  basic  and  inexpensive  technique  for  producing  holes  in  plastics. 

Extruded  polycarbonate  sheet  has  residual  compressive  stresses  at  the  surface  which  may  result  in  an 
increase  in  various  engineering  properties  such  as  fatigue,  fatigue  crack  growth,  fracture  toughness,  and  toughness 
during  tensile  testing.  These  residual  stresses  can  be  removed  by  annealing  the  polycarbonate.  It  is  well  established 
that  thermal  history  affects  many  properties  of  polycarbonate63'7®;  yield  strength  increases  with  annealing,  and 
toughness  (or  elongation)  decreases.  The  majority  of  the  test  specimens  from  this  program  were  fabricated  directly 
from  the  extruded  sheet  with  no  additional  thermal  treatment;  however,  a  number  of  tensile  dogbone  specimens  and 
several  specimens  with  holes  were  annealed  as  per  the  thermal  profile  shown  in  Figure  6,  to  evaluate  the  effect  of 
annealing  on  tensile  fatigue  properties. 

SECTION  5 

TEST  ARTICLE,  SPECIMEN  FABRICATION  DESCRIPTION,  AND  TEST  MATRIX 

The  material  used  for  all  testing  conducted  in  this  program  was  removed  from  a  single  86  inch  x  86  inch 
x  0.25  inch  sheet  of  aircraft  grade  polycarbonate  Tuffak  sheet  manufactured  by  Rohm  and  Haas  to  meet  Mil-P- 
83310.  The  polycarbonate  molecular  weight  of  two  samples  from  the  sheet  were  characterized  by  UDRI;  sample 
1;  M„  =  15166,  Mw  «  31008,  =  48908;  sample  2:  Mn  =  16132,  Mw  =  31299,  Mj  =  48184.  The  material 

was  subjected  to  no  special  conditioning  except  as  noted  in  Section  4  for  annealed  specimens.  The  tensile  dogbone 
specimen  designs  used  are  shown  in  Figures  7-10.  At  certain  stress  levels,  the  tensile  dogbone  specimens 
consistently  failed  outside  of  the  gage  length  during  fatigue  testing.  Initially  specimen  design  was  thought  to  play 
a  role  in  the  failure  outside  the  gage  section,  and  several  designs  were  tested  with  no  change  in  the  failure  mode 
(failure  was  still  consistently  outside  the  gage  section  at  certain  stress  levels).  A  more  complete  discussion  of  this 
phenomenon  is  included  in  Section  8.  The  specimen  design  for  the  rectangular  specimens  with  holes  is  shown  in 
Figure  11.  The  specimens  were  fabricated  in  the  UDRI  experimental  fabrication  shop.  The  specimens  were 
blanked  out  using  a  bandsaw.  The  dogbone  specimens  were  fabricated  one  at  a  time  sidecutting  with  an  1/2  to  3/4 
inch  end  mill  at  800-1000  rpm  with  hand  feed.  For  the  specimens  with  holes,  stacks  of  four  were  cut  with  a  1  and 
1/4  inch  diameter  fly  cutter  at  1200  rpm,  with  a  table  speed  of  2-4  inches/minute.  The  holes  were  produced  as 
described  in  Section  4.  The  test  matrix  is  shown  in  Table  4. 

SECTION  6 

DOCUMENTATION  OF  HOLE  SURT  ACE  FINISH 
Surface  roughness  measurements  were  made  using  one  specimen  from  each  group  (typically  the  21st 
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specimen  produced).  For  the  shot  peened  specimens,  the  surface  roughness  was  characterized  for  only  the  Group 
3.1  specimens,  as  sufficient  specimens  were  no!  available  for  the  other  specimens  shot  peened  using  different 
conditions.  Circumferential  surface  roughness  measurements  were  made  circumferentially  around  the  hole  surface 
at  approximately  half  the  depth  of  the  hole,  and  axial  surface  roughness  measurements  were  made  aloDg  four  lines 
separated  by  90  degrees  parallel  to  the  axis  of  the  hole.  Measurements  were  made  at  the  Giddings  and  Lewis 
Company  Eli  Whitney  Metrology  Laboratory  using  a  Sheffield  Indicordcr  Spectre.  The  hole  surface  roughnesses 
are  summarized  in  Tables  5  and  6.  For  a  more  complete  discussion  of  the  parameters  measured,  see  Reference  79. 
It  should  be  noted  that  the  circumferential  surface  roughness  (which  detects  axial  surface  feat1-.  ■.  -)  is  probably  the 
most  important  measurement,  since  axial  features  (such  as  scratches  caused  by  removing  th  dr.lling  tool)  reportedly 
influence  crack  initiation  and  fatigue  life.  This  agrees  with  intuition  as  cracks  tend  to  be  purely  axial;  that  is,  they 
are  parallel  to  the  thickness  dimension  of  the  material.  Axial  surface  roughness  (which  detects  circumferential 
features)  has  less  of  an  effect  on  fatigue  life  and  crack  initiation,  as  these  features  are  perpendicular  to  the  axis  of 
the  cracks. 

In  terms  of  circumferential  surface  roughness,  Groups  6,  2,  and  1  have  the  lowest  roughness  averages,  R,, 
of  10,  12,  and  12  microinches  respectively;  followed  by  groups  4,  5,  and  7  for  which  R,  is  35,  40,  and  58 
microinches  respectively;  the  roughest  holes  are  from  Group  8  with  R,  =  110  microinches,  and  Group  3  with  R, 
=  142  microinches.  Group  6  holes  were  cold  worked  by  pushing  a  vaseline  lubricated  tapered  oversize  pin  through 
the  hole.  This  apparently  provides  a  polishing  effect  resulting  in  a  slightly  better  surface  finish  than  the  drilled  hole 
alone.  Group  2  holes  were  the  step  drilled  holes.  The  surface  finish  of  these  holes  is  nearly  indistinguishable  from 
the  surface  finish  of  the  Group  1  holes  which  were  drilled  in  one  step.  Group  4  holes  were  drilled  by  PPG 
Industries.  Group  5  holes  were  the  same  as  group  1  except  they  were  polished  with  toluene.  This  polishing  did 
not  result  in  better  surface  finish;  in  fact  the  surface  finish  of  the  toluene  polished  holes  was  worse  than  the  surface 
finish  of  the  unpolished  holes.  Group  7  holes  were  the  same  as  Group  1  holes  except  that  the  entry  and  exit  of  the 
holes  was  radiused.  For  reasons  unknown,  the  surface  finish  of  the  Group  7  holes  is  not  nearly  as  good  as  that  of 
the  Group  1  boles.  They  should  have  been  very  similar.  Group  8  holes  were  hand  drilled  with  a  used  drill  bit 
which  explains  the  higher  surface  roughness.  Group  3  holes  were  the  same  as  Group  7  except  they  were  also  shot 
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SECTION  7 

TEST  SETUP  AND  METHODS 

Special  grips  were  made  for  this  testing  and  are  shown  in  Figure  12.  The  shoulder  bolts  used  in  the 
specimens  grips  were  torqued  to  40  foot  pounds.  A  special  fixture  was  used  to  align  the  specimens  in  the  grips. 
The  grip  design  was  marginal  in  terms  of  grip  area  for  the  tensile  residual  strength  specimens  with  holes,  as  a 
number  of  those  specimens  failed  in  the  grip.  No  problems  with  the  grips  were  experienced  with  the  fatigue  testing. 
The  testing  was  conducted  with  MTS  test  machines.  A  displacement  rate  of  2  inches/minute  was  used  for  the  tensile 
testing,  and  the  tensile  fatigue  tests  were  conducted  at  2  Hz.  The  ratio  of  the  minimum  load  to  the  maximum  load 
was  0.10  (no  compression). 


SECTION  8 

TEST  RESULTS/DISCUSSION 

The  results  of  the  residual  strength  testing  of  the  tensile  dogbone  specimens  and  the  rectangular  specimens 
with  holes  are  shown  in  Table  7.  Typical  stress-strain  curves  for  the  dogbone  specimens  are  shown  in  Figure  13. 
Typical  load  displacement  curves  for  the  rectangular  specimens  are  shown  in  Figure  14.  hi  contrast  with  Tayebi 
and  Agrawal18,  the  reduction  in  effective  breaking  stress  was  minimal  for  the  tensile/residual  strength  specimens. 
Elongation  was  markedly  reduced  for  specimens  with  holes.  There  was  minimal  variation  in  tensile  residual  strength 
between  the  hole  designs.  No  tensile  residual  strength  testing  was  conducted  for  Group  3  and  8  specimens.  Group 
3  specimens  were  not  tested  as  there  were  only  a  limited  number  available,  and  those  were  dedicated  to  fatigue 
testing.  Hand  drilling  (Group  8)  was  chosen  late  in  the  program  and  there  was  not  sufficient  time  to  conduct  tensile 
residual  strength  testing  of  these  specimens. 
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The  results  of  the  fatigue  testing  are  summarized  in  Tables  8,9,  and  10.  A  composite  plot  of  all  of  the 
fatigue  data  is  shown  in  Figure  15.  Plots  for  each  of  the  individual  specimen  designs  are  shown  in  Figures  16-24. 
The  maximum  stress  reported  on  the  tables  and  graphs  is  gross  stress,  not  net  stress. 

Fatigue  testing  of  the  dogbone  specimens  produced  some  unusual  results  in  the  8.5  ksi  down  to  the  5.5  ksi 
region.  In  this  region,  the  life  (cycles  to  failure)  is  nearly  constant  and  may  even  be  slightly  shorter  for  some  of 
the  lower  stresses.  In  addition,  the  majority  of  the  specimens  in  this  region  did  not  fail  in  the  gage  length.  The 
shape  of  the  S-N  curve  for  the  dogbone  specimens  is  similar  to  those  reported  for  polycarbonate  from  References 
14  and  16.  It  was  suspected  that  the  cause  of  the  unusual  shape  of  the  S-N  curve  and  the  failures  outside  of  the 
gage  length  for  the  dogbone  specimens  was  residual  surface  compressive  stresses  which  were  caused  by  the 
extrusion  process.  Cracks  tended  to  initiate  at  the  specimen  edges  and  propagate  within  the  specimen.  Cracks 
which  initiated  at  a  comer  also  tended  to  propagate  within  the  specimen  and  were  retarded  at  the  surface  (indicating 
significant  residual  surface  compressive  stresses).  A  limited  number  of  specimens  were  annealed  and  tested.  As 
was  expected,  annealing  resulted  in  shorter  fatigue  lives,  the  vertical  portion  of  the  S-N  curve  disappeared,  and  the 
specimens  all  failed  within  the  gage  length. 

The  hole  fabrication/treatment  techniques  evaluated  in  this  program  are  listed  below  in  order  of  fatigue 
performance,  with  the  high  cycle  fatigue  at  1 .25  ksi  maximum  stress  as  the  criteria,  and  the  best  technique  listed 
first. 


(1)  Group  6  -  Cold  working 

(2)  Group  2  -  Step  drilling 

(3)  Group  1  -  Drilling  with  new  drill,  one  step 

(4)  Group  4  -  PPG  Hole  Drilling 

(5)  Group  8  -  Hand  drilling 

(6)  Group  7  -  Radiused  entry  and  exit 

(7)  Group  5  -  Polishing  with  toluene 

Group  3,  the  shot  peened  holes,  are  not  included  as  no  specimens  were  rested  at  1.25  ksi.  Group  3  would 
most  likely  perform  similarly  to  Groups  1,  4,  and  8.  Examination  of  the  shot  peened  results  in  Table  10  indicates 
that  higher  intensities  and  pressures  may  result  in  better  fatigue  performance.  Higher  intensities  and  pressures 
would  be  expected  to  result  in  higher  and/or  deeper  induced  residual  stress  in  the  vicinity  of  the  hole,  The  results 
of  the  fatigue  testing  of  shot  peened  specimens  seems  to  indicate  that  at  low  pressures  and  intensities,  shot  peening 
results  in  some  degradation  due  to  roughening  of  the  hole  surface.  With  increased  pressure  and  intensities,  this 
roughening  increases  with  minimal  cold  working,  resulting  in  continued  decrease  cf  fatigue  properties.  Eventually, 
this  trend  changes  and  fatigue  life  starts  to  improve  with  increased  pressure  and  intensity  as  the  induced  favorable 
residual  compressive  stresses  start  to  overcome  the  degradation  induced  by  increased  surface  roughness.  In  addition, 
surface  roughness  most  likely  peaks  out  a  some  point,  and  does  not  increase  with  additional  shot  peening  (this  is 
a  hypothesis  based  on  the  author’s  experiences  with  salt  blasting  of  plastics  and  no  testing  was  conducted  in  this 
program  to  confirm  this).  Group  7,  with  radiused  hole  entry  and  exit,  did  not  perform  well,  it  appears  that  removal 
of  the  extra  material  to  create  the  radius  decreases  fatigue  life.  Polishing  with  toluene,  as  with  group  5,  did  not 
perform  well.  Careful  hole  drilling  appears  to  be  a  much  safer  way  of  obtaining  good  surface  finish  than  chemical 
polishing  after  drilling.  Based  on  these  test  results,  a  carefully  machined  hole  which  is  cold  worked,  Group  6,  has 
a  fatigue  life  of  2  to  as  much  as  6  times  the  fatigue  life  of  a  hand  drilled  hole.  This  represents  a  considerable 
improvement. 

It  is  im|>ortant  to  note  that  depending  on  the  stress  level  chosen  to  evaluate  the  different  techniques,  the 
ranking  would  change.  None  of  the  techniques  chosen  were  optimized,  and  optimization  could  easily  change  the 
ranking.  Also,  testing  more  specimens  at  each  stress  level  would  result  in  improved  definition  of  individual  S-N 
curves,  resulting  in  more  exact  discrimination  between  different  hole  fabrication/treatment  techniques. 

The  effects  of  surface  finish  on  fatigue  life  can  not  easily  be  discerned  from  this  testing.  As  noted  in 
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Section  3,  surface  finish  is  only  one  factor  influencing  fatigue,  residual  strength,  etc.  The  hole  fabrication/treatment 
techniques  evaluated  in  this  report  did  not  concentrate  on  surface  finish  alone.  Comparing  specimen  groups  with 
drilled  holes  (and  no  other  post-fabrication  treatment),  Groups  2,  1,4,  and  8  have  increasing  surface  roughness, 
with  Group  2  holes  being  the  smoothest  and  Group  8  the  roughest,  and  Groups  2,  1,4,  and  8  have  decreasing 
fatigue  life,  with  Group  2  having  the  longest  lives,  and  Group  8  the  shortest.  There  does  appear  to  be  a  correlation 
between  surface  roughness  and  fatigue  life  for  specimens  which  were  drilled  (with  no  other  post-fabrication 
treatment),  with  the  smoother  holes  having  the  longest  lives. 

SECTION  9 

CONCLUSIONS/SUMMARY 

A  number  of  different  potential  hole  fabrication/treatment  techniques  were  identified.  Eight  of  these  were 
chosen  for  tensile  residual  strength  and  tensile-tensile  fatigue  evaluation  in  this  program.  The  differences  in  tensile 
residual  strength  for  the  specimens  with  holes  were  minimal.  While  no  attempt  was  made  to  optimize  the  bole 
fabrication/treatment  techniques,  there  was  a  fair  amount  of  spread  in  fatigue  performance  for  the  techniques  chosen 
for  evaluation.  Fatigue  life  varied  by  as  much  as  a  factor  of  10  between  the  best  technique,  cold  working,  and  the 
worst,  chemical  polishing.  In  addition  to  cold  working,  optimized  hole  drilling  and  shot  peening  also  show  premise 
for  improvements  in  fatigue  life.  Based  on  limited  testing,  there  is  a  correlation  between  surface  roughness  and 
fatigue  life  for  specimens  which  were  drilled  (with  no  other  post-fabrication  treatment),  with  smoother  holes  having 
longer  lives. 

It  should  be  noted  that  the  results  of  this  program  apply  to  extruded  polycarbonate  and  open  (unloaded) 
holes.  Indications  are,  from  the  limited  number  of  annealed  specimens  which  were  tested,  that  annealing  decreases 
fatigue  life  by  eliminating  favorable  residual  surface  compressive  stresses.  The  effect  of  annealing  on  tensile 
residua]  strength  was  not  evaluated  in  this  program;  annealing  might  result  in  greater  differences  in  residual  strength 
between  the  different  hole  fabrication/treatments.  Also,  specimens  with  lug-loaded  holes  may  show  marked 
differences  from  the  results  reported  herein.  Evaluation  of  some  of  the  parameters  affecting  hole  performance, 
evaluation  of  the  hole  fabrication/treatment  techniques  identified  herein  for  lug-loaded  holes,  optimization  of  some 
of  the  techniques  identified  herein  for  open  holes,  and  evaluation  of  some  of  the  identified  candidate  techniques  for 
improving  hole  performance  (which  were  not  chosen  for  evaluation  in  this  program)  are  areas  for  additional 
research. 
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SURFACE  ROUGHNESS 

Figure  1 .  Hypothetical  Effect  of  Surface  Roughness  on  Fatigue  Life  and  Residual  Strength 


Figure  2.  Influence  of  Crack  Length  on  Residual  Strength,  from  Testing  of  Metals. 
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Figure  3.  Machining  Induced  Strain  for  Cast  Acrylic. 


§  200 

2 
< 


0  500  1000  1500  2000  2500  3000 

TOOL  SPEED  (RPM) 

Figure  4.  Approximate  Maximum  Tangential  Stress  Induced  in  Extruded  Polycarbonate  as  a 
Function  of  Drilling  Parameters. 
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OIE  BLOCKS 

Figure  5.  Cold  Working  Setup. 


Temperature:  °C. 


Time:  Hours 


Turned  chamber  ot:  at  37.6'C.  allowed  specimens  to  cool  to  33.8°C.  Switched  specimens 
to  a  32®C.  preheated  chamber  and  allowed  to  cool  to  ambient  temperature. 

Figure  6.  Temperature  Profile  to  Anneal  Specimens. 
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Rgure  7.  Test  Sped mens  Without  Holes,  Group  A. 


Figure  8.  Test  Spedmens  Without  Holes,  Group  B. 
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Figure  9.  Test  Spedmens  Without  Holes,  Group  O. 
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Rgure  10.  Test  Specimens  Without  Holes,  Group  9. 


Figure  11.  Test  Specimens  With  Holes. 
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Rgure  12.  Test  Grip. 
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Maximum  Stress  (ksi) 


FATIGUE  OF  AS-RECEIVED  PC: 
WITH  &  WITHOUT  HOLES 
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Figure  1 5.  Fatigue  of  As-Recieved  PC:  With  and  Without  Holes. 
TENSILE  FATIGUE  OF  PC  WITH  NO  HOLE 
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Figure  16.  Tensile  Fatigue  of  PC  with  No  Hole. 
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Figure  17.  Tensile  Fatigue  of  Group  1  Specimens  With  Holes. 
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Figure  13.  Tensile  Fatigue  of  Group  2  Specimens  With  Holes. 
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Maximum  Stress  (ksi) 


TENSILE  FATIGUE  OF  GROUP  3 
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Figure  19.  Tensile  Fatigue  of  Group  3  Specimens  With  Holes. 
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Figure  20.  Tensile  Fatigue  of  Group  4  Specimens  With  Hoies. 
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TENSILE  FATIGUE  OF  GROUP  5 


Figure  21 .  Tensile  Fatigue  of  Group  5  Specimens  With  Holes. 


TENSILE  FATIGUE  OF  GROUP  6 


Figure  22.  Tensile  Fatigue  of  Group  6  Specimens  With  Holes. 
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Figure  23.  Tensile  Fatigue  of  Group  7  Specimens  With  Holes. 
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Rgure  24.  Tensile  fatigue  of  Group  8  Specimens  With  Holes. 
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Table  1 ,  Potential  Hole  Fabrication  and  Treatment  Techniques. 

HOLE  FABRICATION  TECHNIQUES: 

1.  Standard  Twist  Drill 

2.  End  Mill 

3.  Boring  Bar 

4.  Drills,  Mills,  and  Boring  Bars  with  Various  Geometries  and  Materials 

i>.  Step  Drill  with  (1)  through  (4) 

6.  Methods  (1)  through  (5)  with  Coolants 

7.  Standard  Drill,  then  Ream 

8.  Ultrasonic  Hole  Drilling 

9.  Water  Jet  Cutter 

1 0.  Laser  Cutter 

1 1 .  Electric  Discharge  Machining  (EDM) 

12.  Methods  (1)  through  (11)  with  Radiused  Entry  and  Exit 

13.  PPG  Hole  Drilling  Technique 

HOLE  TREATMENT  TECHNIQUES: 


1.  Mechanical  Polish 

2.  Chemical  Polish 

3.  Anneal  Specimen 

4.  Quench  Specimen 

5.  Cold  Work 

Tapered  Pin  with  or  without  Bushing 
Ballizing 

6.  Stress  Coining 

7.  Shot  Peening 

8.  Dimpling 

9.  Interference  Fit  Bushing 

10.  Polymer  Coating 

Table  2.  Approximate  Maximum  Tangential  Stress  (PSI)  Induced  by  Drilling  1/4  Inch 

Polycarbonate  Sheet  With  a  0.250  Inch  Drill  Bit  as  a  Function  of  Drilling  Parameters. 


RPM 

SPEED  (FPM) 

50 

3.3 

too 

6.3 

250 

15  8 

500 

31.5 

1000 

63 

1500 

95 

2000 

130 

2500 

160 

FEED  (IN/REV) 

0.006 

50 

75 

125 

200 

300 

400 

400 

.  400 

O  nrvj 

50 

75 

125 

200 

200 

400 

400 

400 

000t5 

so 

75 

12S 

200 

300 

400 

400 

400 

Table  3.  Shot  Peening  Data. 


SHOT  SIZE 

MI-70-H 

MI-70-H 

MI-70-H 

MI-170-H 

MI-170-H 

MI-170-H 

MI-170-H 

MI-170-H 

MI-17Q-H 

AIR  PRESSURE  (PSI) 

10 

20 

70 

5 

10 

20 

30 

40 

80 

ALMEN  INTcNSITY 

4.4N 

74N 

7.4A' 

2.0N 

4.6N 

8  7N 

4.3A 

5.2A 

7  5A 

group  number 

3.6 

_ 3.8 

3.1 

3.5 

3.3 

3.2 

3.9 

3.4 

3.7 

•MEASUREMENT  UNCERTAIN 

SHOT  PEENING  CONDUCTED  BY  METAL  IMPROVEMENT  COMPANY,  CINCINNATI  DIVISION 
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TABLE  4 
TEST  MATRIX 


> 


* 


TEST 

WITHOUT 

HOLE 

HOLE  DESIGN  GROUP  NUMBER 

L 

#2 

#3 

#4 

#5 

#6 

#7 

m 

FATIGUE 

45 

16 

D 

25 

17 

17 

14 

14 

18 

TENSILE/ 

RESIDUAL  STRENGTH 

13 

3 

3 

0 

3 

3 

3 

3 

4 

SURFACE  FEATURES/ 
ROUGHNESS 

1 

1 

1 

1 

1 

1 

1 

1 

TOTAL 

226 

Table  5.  Summary  of  Hole  Circumferential  Surface  Roughness  Measurements. 


MEASUREMENT 

GROUP  1 

GROUP 2 

GROUP  3.1 

GROUP 4 

GROUP 5 

GROUP  6 

GROUP  71 

GROUP  8 

Ra 

12 

12 

142 

35 

40 

10 

58 

110 

HI 

•MB 

n5 

963 

2a2 

345 

90 

84U 

Rz 

58 

55 

257 

52 

90 

48 

'  330 

5TT 

Rim 

75 

78 

702 

185 

205 

62 

413 

555 

Bq 

15 

15 

185 

50 

52 

12 

80 

142 

Rp 

70 

60 

510 

138 

170 

38 

305" 

430 

Rv 

-48 

-55 

"  "-4531 

-1&5 

-175 

r—%2 

“  097" 

-410 

Rsm 

55o 

r  ~so o 

FAST 

r  §35" 

T555" 

5XT 

TTOO" 

2900 

Rlq 

500 

500 

4400 

1700 

1600 

500 

1900 

3700 

NOTES: 

ALL  MEASUREMENTS  REPORTED  IN  MICROINCHES 
CIRCUMFERENTIAL  MEASUREMENTS  MADE  AT  HALF  THE  HOLE  DEPTH 


KEY: 

Ra  -  ARITHMETIC  AVERAGE  ROUGHNESS  HEIGHT 
Rt  .  MAXIMUM  ROUGHNESS  HEIGHT  IN  FIVE  CUTOFFS 
Rz  -  MAXIMUM  ROUGHNESS  HEIGHT  IN  ONE  CUTOFF 
Rim  «  MEAN  ’Rl* 

Rq  -  RMS  (ROOT  MEAN  SQUARE)  AVERAGE  ROUGHNESS  HEIGHT 
Rp  -  MAXIMUM  PEAK  HEIGHT  IN  ONE  CUTOFF 
»  Rv  «  MAXIMUM  VALLEY  HEIGHT  IN  ONE  CUTOFF 

Rsm  AND  Fllq  ARE  ROUGHNESS  SPACING  PARAMETERS  FOR  KEY  FEATURES 
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'able  6.  Summary  of  Hole  Axial  S  urface  Rouohn 


TABLE  7 

TENSILE  RESIDUAL  STRENGTH  TEST  RESULTS 


HOLE 

DESIGN 

AVERAGE  NET  FAILURE 
STRESS  (KSI) 

STANDARD 

DEVIATION 

AVERAGE  GROSS  FAILURE 
STRESS  (KSI) 

STANDARD 

DEVIATION 

9. 68 

0.12 

9.68 

0.12 

10.7 

10.7 

*i 

9.57 

0.06 

7.98 

0.05 

•2 

9.57 

0.07 

7.98 

0.06 

*3 

NO  SPECIMENS 
TESTED 

#4 

946 

0.07 

7.09 

0.06 

05 

946 

0.09 

7.9 

0.07 

#6 

9.48 

0.04 

7.9 

0.00 

»7 

9.5 

0.05 

7.92 

0.05 

#s 

9.59 

0.02 

7.99 

0.02 

ANNEALED 

10.28 

8.57 

*  YIELD  STRESS  REPORTED  FOR  SPECIMENS  WITHOUT  HOLES 


> 
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TABLE  8 

FATIGUE  LIFE  (CYCLES  TO  FAILURE)  FOR  DOGBONE  SPECIMENS 


MAXIMUM  3Tl 


3.25 


3. 


DID  NOT  FAIL 
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TABLE  9 

FATIGUE  LIFE  (CYCLES  TO  FAILURE)  FDR  SPECIMENS  WITH  HOLES 


MA50MUT3'§TRLSS' 

(KSI) 

"Sroup  i 

gRoUP? 

'SROUP3.f 

GROUP  4 

GROUP  5 

GROUPS 

GROUP 7 

Troupe 

9.00 

6 

“575 

“6 

8.00 

12 

7.25 

61 

59 

49 

59 

7.00 

110 

105 

109 

50 

74 

82 

117 

127 

L  1'1  _ 

5k 

9.1 

9? 

§36 

305  1 

355 

1H1 

256 

210 

3S6 

224 

6.00 

1243 

973 

488 

944 

503 

1518 

627 

646 

1128 

1081 

854 

869 

2454 

878 

5.75 

r~120? 

5.50 

212 

ri.2o 

8385 

£.00 

l  12799 

4405 

12495 

7540 

11418 

8559 

13558 

8242 

15401 

17378 

G084 

7033 

13928 

13258 

5.00  ANNEALED 

_ 

L-  --  .J 

4791 

4,00 

28497 

26597 

26253 

36524 

8981 

50223 

19665 

26588 

26379 

25416 

12999 

” 

34167 

8846 

55530' 

32448 

4.oo  annealEdI 

. 

2616 

3.50 

'  . . "" 

.  ,  .  , 

24584 

3.25 

18602 

3.66 

32754 

26707 

17003 

35663 

9843 

141096 

24458 

18019 

33902 

28899 

28690 

56994 

13097 

108904 

19940 

2.00 

44695 

35347 

35917 

83374 

17901 

237339 

41913 

34749 

55041 

31842 

42919 

16317 

209995 

34949 

“Too  ARFJEAuHJ 

o5i40 

2?e69 

20706 

20294 

1.75 

53007 

1.50 

87199 

,2'i 

'30*^09 

4S0254” 

t  /  V  1 

nrroo 

3UJC4. 

rn *  r/'fti* 

1 UU3 

106074 

152257 

251978 

122455 

1.00 

858350" 

713271" 

*  DID  NOT  FAIL  THROUGH  HOLE 
"DID  NOT  FAIL 


I 
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Abstract 

The  principal  author  has  conducted  research  at  the  Johnson  Space 
Center  concerning  the  response  of  fused  silica  glass  to  hypervelocity  impact 
damage.  The  data  collected  in  this  research  was  compared  to  previously  pub¬ 
lished  penetration  equations  for  fused  silica  and  theoretical  penetration  equa¬ 
tions  for  general  materials.  Also,  the  co-author  along  with  the  principal 
author  has  developed  a  new  relationship  between  the  diameter  of  the  front 
surface  spall  and  the  momentum  of  the  impact.  These  data  and  equations  are 
being  used  in  an  effort  to  further  understand  the  effect  of  such  impacts  on  the 
residual  strength  of  the  fused  silica  target. 

Of  the  penetration  equations  used  for  comparison  in  this  research,  one 

/»Artci ef-nuflt/  or  tVio  moon  fV>n  A oto  rrillorffiH  TVi o  rronor?r  ftnnoHnnc  uuarn 

Ml.  ViiV  v/i  LAXW  m.  »iv  vmwtvA&i#  t*  vrA  v 

somewhat  useful  in  bracketing  the  test  data.  The  spall-momentum  relation¬ 
ship,  when  compared  to  the  available  penetration  equations,  provides  the  best 
predictor  of  impact  parameters  given  the  dimensions  of  the  crater  and  spall. 

The  presentation  will  show  examples  of  the  penetration  equations  and 
the  test  data.  The  spall-momentum  relationship  will  be  shown  also.  Examples 
of  how  these  relationships  might  be  used  to  examine  Shuttle  window  damage 
will  be  given. 


Nomenclature 

Pc  Crater  depth,  penetration  depth;  also  P 

TV*  Prn?prrilp  Hiflmplw 

—  F  - - - - - 

Vp  Projectile  velocity 

pp  Projectile  density 

Cv  Specific  heat  at  constant  volume 

K  Bulk  modulus 


Background 

Since  the  beginning  of  the  manned  space  program  in  this  country, 
space  craft  have  included  windows.  Beginning  with  the  Apollo  program,  re¬ 
searchers  investigated  a  windows'  ability  to  withstand  orbital  impact  from  mi¬ 
crometeoroids.  This  ability  has  been  a  requirement  from  the  start  of  the  Space 
Shuttle  Orbiter  design. 

In  1984,  a  window  from  STS-7  was  removed  and  replaced  because  of  dam¬ 
age  from  such  an  impact.  When  the  glass  was  cored  and  examined  under  a 
scanning  electron  microscope  (SEM),  the  source  of  the  damage  was  identified 
not  as  a  micrometeoroid,  but  as  a  very  small  piece  of  white  paint  --  space  de- 
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bris,  in  orbit  not  by  natural  means  but  as  the  detritus  of  global  space  pro¬ 
grams.  The  problei  1  of  man-made  debris  in  low-earth  orbit  has  since  become 
an  important  topic  of  discussion  in  the  space  business,  triggering  interna¬ 
tional  treaties,  Shuttle  avoidance  maneuvers,  and  possibly  some  satellite 
failures. 

Although  window  replacement  was  an  expected  part  of  the  Shuttle's 
reusability,  and  has  been  done  many  times  over  the  life  of  the  Shuttle  pro¬ 
gram  for  impact  damage  and  for  other  reasons,  the  original  design  only  con¬ 
sidered  the  natural  environment.  Of  course,  our  experience  includes  both  the 
meteoroids  and  man-made  debris.  The  attrition  rate  of  windows  is  not  a  safety 
concern,  but  considering  that  NASA  plans  to  fly  this  vehicle  into  at  least  the 
near  future,  there  is  a  renewed  effort  to  understand  the  orbital  environment 
and  its  effect  on  Shuttle  components  like  the  windows.  Cost  saving  are  a  major 
motivation  for  this  effort. 

The  current  research  was  undertaken  in  an  attempt  to  reduce  the  re¬ 
placement  rate  for  Shuttle  windows.  In  the  whole  Shuttle  program,  through 
STS-57,  36  windows  have  been  replaced  at  a  rate  of  about  one  window  for  every 
ten  mission  days.  Figure  1  shows  how  the  replacement  rate  has  varied  since 
STS-1.  The  decision  to  replace  or  retain  a  damaged  window  is  based  on  an  anal¬ 
ysis  that  considers  the  depth  of  the  damage,  the  stress  environment  the  win¬ 
dow  pane  must  endure,  and  the  life  required  of  that  window.  This  analysis 
technique  was  developed  along  with  the  design  of  the  windows  and  is  ex¬ 
tremely  conservative. 


Qrbiter  Window  Replacement  Rale 


- - Predicted 

- Average 

. 'Actual  rate 


Figure  1 

The  objectives  of  this  research  are  to  define  a  new  technique  for  de¬ 
termining  when  a  window  should  be  replaced,  and  to  improve  the  existing 
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penetration  equations  by  broadening  the  database  for  hypervelocity  impact 
into  glass  targets.  The  current  paper  will  address  only  the  penetration  equa¬ 
tion  part  of  this  research  effort. 

The  literature  concerning  hypervelocity  impact  penetration  of  fused 
silica  targets  contains  two  penetration  equations.  Burton  Cour-Palais,  for¬ 
merly  of  the  NASA  Johnson  Space  Center,  developed  a  penetration  equation  for 
fused  silica  glass  during  the  Apollo  program.  The  data  he  used  were  from  hy¬ 
pervelocity  impact  testing  done  from  6  to  7.5  km/s.1 

P  =.  53ppdlp06V^ ,  g  -  cm  -  s,  except  V  is  km  /  s  ( 1 ) 

To  support  their  preliminary  design  effort  on  the  Space  Shuttle  program, 

Rockwell  (North  American  Aviation)  engineers  McHugh  and  Richardson2 
compiled  Cour-Palais'  data  with  their  company's  test  data  and  derived  their 
own  penetration  equation: 

P=.64flJ<i“V*,g  -  cm  -  s,  except  Vis  km/ s  (2) 

Figure  2  demonstrates  how  equations  (1)  and  (2)  typically  related  to  the  test 
data. 

Crater  Depth  in  Fused  Silica;  At  201 7  projectiles  (.4  mm) 


H 

10 


Figure  2 

4 

The  two  equations  are  limited  in  the  velocity  regimes  they  can  be  ap¬ 
plied  to;  both  were  derived  from  data  taken  primarily  between  6  and  7.5  km/s. 

Since  the  average  velocity  of  orbital  debris  is  10  km/s,  and  the  average  veloc¬ 
ity  of  micrometeoroids  is  20  km/'s,  this  data  base  is  inadequate.  Also,  many,  if 
not  most,  of  the  impacts  experienced  in  low  earth  orbit  are  oblique.  The  nor¬ 
mal  velocities  of  these  impacts  could  be  well  below  the  6  km/s  tested  in  previ¬ 
ous  years. 


X  Crater  Depth  (cm) 
— ■—  Cour-Pafais 
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A  word  must  be  said  about  experimental  error.  The  velocity,  diameter 
and  density  measurements  involved  in  this  experiment,  Rockwell's  testing  and 
Cour-Palais'  work  are  all  inaccurate  to  a  certain  degree.  The  measurement  er¬ 
rors  in  the  current  work  have  been  evaluated,  and  should  yield  a  predicted 
'  crater  depth  value  within  10%  using  equations  (1)  and  (2).  The  plot  in  Figure 

2  demonstrates  that  experimental  error  cannot  account  for  the  differences  in 
test  data  versus  predicted  values. 

v  leslProcatiurfes 

The  target  disks  were  prepared  at  JSC  using  six  fused  silica  panes 
scrapped  from  the  Shuttle  program  (damaged  thermal  panes).  One  disk  from 
each  scrapped  thermal  pane  was  cut  around  the  pre-existing  damage  which 
had  caused  the  pane's  removal.  The  flight-damaged  disks  were  delivered  to  the 
SEM  laboratory  for  analysis. 

The  remaining  fused  silica  was  cut  into  about  twenty  disks  per  window. 
These  disks  were  used  as  targets  in  the  light-gas  guns  at  JSC's  Hypervelocity 
Impact  Test  Facility  (HIT-F). 

The  HIT-F  supports  three  light-gas  gun  ranges,  with  1.7  mm,  4.3  mm  and 
12.7  mm  calibers.  These  guns  can  launch  projectiles  sized  from  100  micron 
spheres  to  12.7  mm  cylinders,  at  velocities  from  2  to  7  km/'s;  the  smaller  pro¬ 
jectiles  can  be  launched  at  even  higher  velocities.3  The  majority  of  the  shots 
in  this  effort  were  done  with  the  1.7  mm  gun;  the  remaining  shots  were  on  the 
4.3  mm  gun. 

The  velocity  range  used  in  this  test  was  broad  by  design.  Although 
many  shots  were  done  between  6  and  7  km/s,  a  good  amount  were  also  at  nor¬ 
mal  velocities  below  5  km/s.  A  few  shots  were  done  between  7  and  8  km/s.  but 
high  velocities  are  difficult  to  achieve  and  were  often  not  possible  due  to  the 
projectile  size. 

The  projectiles  were  selected  to  vary  material  density  and  diameter.  The 
^  sizes  used  ranged  from  400  to  1000  microns,  and  the  densities  varied  from  2.2  to 
3.8  g/cm3.  Since  the  crater  depths  from  orbital  impacts  are  of  the  order  of  .05 
cm,  the  smaller  projectiles  were  used  more  often  than  the  large.  Still,  the 
crater  depths  produced  in  this  experiment  are  at  least  an  order  of  magnitude 
larger  than  those  experienced  in  the  Shuttle  program.  Only  one  Shuttle  win¬ 
dow  has  had  a  crater  the  size  of  those  created  in  the  laboratory.4 

After  the  targets  were  shot  at  the  HIT-F,  the  crater  depth  and  diameters 
were  measured  using  the  same  methods  that  techniciajis  a.t  KSC  use  following 
Shuttle  flights.  A  mold  impression  of  the  crater  is  made,  then  the  mold  im¬ 
pressions  are  measured  under  an  optical  microscope.  The  front  spall  diameter 
was  measured  directly  on  the  target  disk  using  a  digital  micrometer  and  mag¬ 
nification. 

A  separate  segment  of  the  test  was  performed  using  a  fractional  fac¬ 
torial  matrix  design.  This  portion  of  the  test  was  specially  designed  to  deter¬ 
mine  which  projectile  parameter,  velocity,  diameter,  or  density,  had  the  most 
*  effect  on  crater  depth,  crater  shape  factor  and  residual  strength. 

Me 

The  experimental  data  can  be  found  in  Appendix  A.  Sixty-five  targets  were 
shot  and  fractured;  data  from  fifty-eight  of  these  were  used  in  this  analysis. 

Table  1  shows  mean  values  of  some  of  the  test  data. 
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Variable  projectile  projectile  Velocity 

diameter  mass  (mg)  (km/s) 

_ (mm) _ _ 

mean  value  0.63S _ 0,583  5.707 


crater  front  spall 

depth  (cm)  diameter 

_ _ _  (cm) 

0.167  _ L686 


Table  1 

Penetration  Equation 

Analysis  of  Actional  factorial  data 

The  "designed"  segment  of  this  experiment  explored  the  qualitative  ef¬ 
fects  of  five  variables  on  three  results.  The  variables  were  projectile  diameter, 
velocity,  density  and  angle  of  incidence,  and  the  target  thickness.  The  results 
measured  were  crater  depth,  crater  aspect  ratio,  and  target  residual  strength. 

A  binomial  matrix  was  used  with  a  half  fraction  design  (16  runs).  The  variable 
settings  are  shown  in  Table  2: 


4 


■ 

proj. 

diameter 

mm 

proj. 

velocity 

km/s 

proj. 

density 

g/cm^ 

incidence 

angle 

degrees 

target 

thickness 

in 

low 

0.395 

fgmmm 

normal 

.56 

high 

1 

ammm 

3.9 

45 

.69 

Table  2 

Analysis  of  the  crater  depth  measurements  indicated  that  projectile  di¬ 
ameter  was  the  most  influential  variable  in  this  result  Four  other  parameters 
were  also  significant:  projectile  velocity,  density,  momentum  and  mass.  The 
mean  crater  depth  in  these  16  runs  was  .162  cm. 

Although  front  spall  diameter  was  not  included  in  the  results  analyzed 
during  this  segment,  the  crater  aspect  ratio  data  can  be  examined  for  trends 
that  would  be  true  for  spall  diameter  also  (since  aspect  ratio  is  diameter  divided 
by  depth).  The  most  influential  variable  for  crater  aspect  ratio  was  projectile 
diameter,  with  impact  momentum  and  normal  velocity  also  significant.  The 
mean  aspect  ratio  in  these  16  runs  was  17.12. 

Dimensional  analysis  of  all  data 

The  penetration  equations  (1)  and  (2)  are  not  dimensionally  balanced. 

To  correct  this,  and  hopefully  to  find  a  better  correlation  to  the  test  data,  a  di¬ 
mensional  analysis  was  attempted. 

During  a  hypervelocity  impact  event,  the  kinetic  energy  and  momen¬ 
tum  of  the  projectile  are  transferred  to  the  target  material  very  rapidly 
through  a  longitudinal  shock.5  Extremely  high  pressures  are  generated  in  the 
shocked  materials  of  both  target  and  projectile.  The  projectile  is  either  par¬ 
tially  or  fully  shocked  and  may  be  entirely  melted  at  the  end  of  the  event.  The 
target  craters  as  the  shock  front  travels  through  the  material,  sending  an 
overpressure  wave  towards  the  rear  surface.  The  shock  front  attenuates  as  it 
propagates  into  the  target  and  crater  formation  ends  when  compression  no 
longer  occurs.  The  longitudinal  wave  continues  through  the  material  without 
changing  the  phase  of  the  material  it  passes  through.  At  a  certain  level  of  im¬ 
pact  velocity  or  momentum,  a  rear-surface  spall  is  created  by  this  longitudinal 
wave. 
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In  considering  what  material  properties  might  influence  the  cratering 
of  glass  during  a  hypervelocity  impact  event,  the  thermal  effects  appeared 
important.  So  in  addition  to  the  impact  velocity,  projectile  and  target  densities, 
and  the  projectile  diameter,  the  projectile  and  target  specific  heats  were  in¬ 
cluded.  Also,  the  projectile  and  target  bulk  moduli  were  included,  to  provide 
some  effect  from  the  structural  properties  of  the  system.  Equation  (3)  demon¬ 
strates  the  proposed  function. 

P-f(.Dp,pp,Vp,  CVp  ,Kp,plt  CVt ,  K, )  { 

Table  3  shows  how  each  variable  in  the  penetration  equation  is  de¬ 
scribed  in  dimensional  terms.  A  kg-m-s  system  is  used  in  this  analysis. 


Physical 

Quantity 

Dimensional  Formula 

Penetration 

Depth 

P 

L 

Projectile 

Diameter 

Dp 

L 

Projectile 

Density 

Pp 

L'3 

M 

Projectile 

Velocity 

vp 

L 

T1 

Projectile 
Specific  Heat 

Cvp 

l2 

T2 

e1 

Projectile 

Bulk 

Modulus 

Kp 

L-l 

M 

T-2 

Target 

Density 

P, 

Lr3 

M 

Target 
Specific  Heat 

Cvt 

l2 

t2 

e 

Target  Bulk 
Modulus 

Kt 

L-l 

M 

T2 

XabkJ 

r = D;p‘vrc:fK;p! c{,k? 

Using  the  dimensional  formulas  in  the  table  above, 
L=(La)(M‘L’J>)(iT‘e)(Lur'2JrJj(MT’2x-,)(M/r3/)(L2X'2,r,)(M'r'2‘r‘) 


(5) 


Assuming  c  ~  %  and  solving  for  the  remaining  variables: 


b  =  b 


d  =  d 


f  =•%-<> 

g=-d 
h  =  ~(%+€) 

Starting  with  four  independent  equations  and  eight  unknowns,  after  assuming 
a  value  for  one  of  the  unknown  exponents,  the  dimensional  analysis  results  in 
three  remaining  unknown  exponents:  b,  d,  and  e. 

The  penetration  equation  can  be  simplified: 

The  final  version  used  in  the  data  analysis  was: 


p=dpv; 


i\2u 

p[k. 


IciiCc 


Swift6  derives  the  penetration  equation  by  starting  with  the  equiva- 


V  =  kE 


where 


Vc  =  crater  volume 
Ep  «  energy  of  the  projectile 
k  =  proportionality  constant 


Equation  (9)  is  expanded  by  assuming  that  the  crater  has  a  hemispheri¬ 
cal  shape  and  its  volume  is  proportional  to  the  projectile's  kinetic  energy. 

Swift  gives  equation  (10): 

D  (  n  i  \* 


JLJEjL  Ty* 

D„  l  4  J  '* 


The  energy  relationship  assumed  here  provides  the  rationale  for 
assuming  c  =  %  in  equation  (7)  above.  Equation  (10)  also  shows  that  the  linear 
relationship  found  between  P  and  Dp  is  correct.  (Swift  notes  that  this  linear 
relationship  deviates  slightly;  careful  investigation  has  determined  that  an 
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exponent  of  1.06  on  Dp  is  more  accurate  than  1.0.  To  maintain  the  dimensional 
balance,  the  linear  relationship  is  retained.) 

Swift  also  cites  the  Echelberger  equation,  describing  the  crater  depth 
produced  by  a  long  rod  in  a  thick  target: 


(eS 

J 


(11) 


This  equation  suggests  assuming  b  =  .5  in  equation  (7). 

The  materials  used  in  this  experiment  and  their  corresponding 
properties  are  given  in  Table  4. 


Material 

ID 

Cy 

J/kq-C 

E 

GPa 

v 

P 

q/cc 

K 

GPa 

fused  silica 

740.6 

73 

0.17 

2.202 

36.87 

Al  2017 

962.2 

71.7 

0.33 

2.796 

70.29 

pyrex 

753.6 

62.7 

0.2 

2.23 

34.83 

synthetic 

ruby 

759 

148.2 

3.98 

49.40 

Table  4 


Further  reading  in  the  literature  of  hypervelocity  impact  penetration7 
points  out  the  importance  of  the  shock  during  the  impact.  Changes  in  pres¬ 
sure,  density  and  internal  energy  (heat)  across  a  shock  front  are  calculated 
using  the  shock  velocity  Us  and  the  particle  velocity  Up.  The  Hugoniot  curve 
for  a  material,  sometimes  referred  to  as  the  equation  of  state,  is  formed  from  a 
set  of  points  that  describe  the  pressure-density  states  attained  by  shock 
loading  from  a  single  initial  state.  This  cuive  is  regularly  used  in  numerical 
modelling  of  impact  events.  The  Hugoniot  curve  for  a  solid  is  often  fit  to  ex¬ 
perimental  data  with  the  form 

Us  =  a  +  bUp  (12) 

The  constant  a  represents  the  wave  velocity  in  an  extended  medium,  and 
the  constant  b  is  related  to  the  Gruneisen  parameter  r. 


r  = 


3  OcK 

f>C \ 


CyV  AVp 


h 

CvtAKt 


(13) 


The  appearance  of  the  bulk  modulus  and  specific  heat  in  this  relation¬ 
ship  suggests  that  the  exponents  d  and  e  in  equation  (8)  could  be  equivalent 
and  equal  to  1.  Equation  (8)  can  then  be  written 


(14) 


Using  the  properties  from  Table  (4),  an  equation  was  written  for  each  projec¬ 
tile  type  into  the  fused  silica  target.  These  equations  were  plotted  vs.  the  test 
data.  Figure  (3)  shows  the  same  data  as  Figure  (2),  plotted  against  the  new 
equation. 
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Crater  Deph  ki  Fused  SQia;  A1 2017  prcjx&ks  (.4  mm) 


X  CaaDqA(cm) 
” ” ”  «juacn(14) 


Figure  3 


Similar  results  are  found  for  the  remaining  projectile  materials  and 
sizes,  except  for  the  pyrex  glass  projectiles.  The  new  equation  underpredicted 
those  four  crater  depths  by  about  50%.  Further  testing  of  this  equation  is 
planned  with  a  different  glass  target  material. 

Spaii  Diameter 

After  examination  of  both  the  data  from  shuttle  window  impacts  and  the  data 
from  the  hypervelocity  tests,  two  relationships  have  been  proposed  relating 
the  frontal  spall  diameter  of  shuttle  window  impacts  with  the  diameter  of  the 
impacting  projectile.  Both  of  these  relationships  relate  the  crater  frontal  spall 
diameter  to  an  expression  combining  the  mass  and  the  velocity  of  the  impactor 
(e.g.,  momentum  and  kinetic  energy).  The  relationships  were  conjectured  af¬ 
ter  relating  the  spall  diameter  to  the  impactor  mass  and  the  impactor  velocity 
separately,  and  finding  no  sound  correlation. 

The  first  relationship  relates  the  crater  frontal  spall  diameter  to  the  mo¬ 
mentum  of  the  impacting  projectile,  and  is  expressed  by  the  equation: 

=  kP0M45  (15) 

where  Dspall  ■=  spall  diameter  (m) 

P  =  projectile  momentum  (kg-m/s) 
k  =  0.41212  (s/kg) 

This  expression  was  derived  using  a  least  squares  linear  regression  of 
the  natural  logarithms  of  the  spall  diameters  and  the  projectile  momentutns 
obtained  from  the  hypervelocity  tests.  Momentum  of  the  impacting  projectile 
was  found  by  assuming  spherical  projectiles  for  the  given  projectile  diame¬ 
ters,  computing  projectile  mass,  and  multiplying  by  the  given  velocity. 
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Figure  5 

The  second  relationship  relates  the  crater  frontal  spall  diameter  to  the 
kinetic  energy  of  the  impacting  projectile,  and  is  expressed  by  the  equation: 


Ap<di  =  kEOAOt° 


(16) 


where  E  =  projectile  kinetic  energy  (kg-m^/s^) 

k  =  0.01336  (s2/(kg-m)) 

This  expression  was  derived  using  a  least  squar  es  linear  regression  of 
the  natural  logarithms  of  the  spall  diameters  and  the  projectile  kinetic 
energies  obtained  from  the  hypervelocity  tests.  Kinetic  energy  of  the 
impacting  projectile  was  found  by  assuming  spherical  projectiles  for  the 
given  projectile  diameters,  computing  projectile  mass,  and  multiplying  by  on- 
half  of  the  square  of  the  given  velocity. 


t 
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Impact  kinetic  energy 


Figure  6  ■ 

Comparison  of.  the  two  equations 

Table  5  summarizes  the  correlation  coefficient  R  for  each  of  the  equa¬ 
tions,  and  the  mean  deviation  of  each  equation.  The  correlations  were  calcu¬ 
lated  in  the  logarithmic  domain.  The  mean  of  the  spall  diameters  from  the  hy¬ 
pervelocity  tests  is  0.028  meters  (2.8  cm). 

correlation  coef-  mean  deviation 
ficient  R 

Equation  (15)  0.937  0.00311m 

Equation  (16)  0.936  0.00369  m 

Table  5 

Although  these  two  equations  give  similar  results  when  using  the  hy¬ 
pervelocity  test  data,  the  results  given  when  using  the  spall  diameter  mea¬ 
surements  from  shuttle  window  impact  craters  are  not  identical.  Table  6  shows 
four  spall  diameter  measurements  (in  inches)  taken  from  removed  shuttle 
window  thermal  panes  and  the  projectile  diameters  needed  (in  microns)  as  cal¬ 
culated  by  equations  1  and  2  to  create  that  damage.  The  calculations  assume  * 

spherical  aluminum  impactors. 
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Disk  #26-03-01 

Disk  #26-23-01 

Disk  #26-06-01 

Disk  #26-17 

STS-31 

STS-30 

STS-41D 

STS-41G 

Spall  Diameter  (in) 

.105 

.118 

.088 

.074 

Equation  (15) 

82-105 

89-115 

72-92 

63-81 

Equation  (16) 

55-73 

63-77 

47-63 

41-55 

Table  6 

Application  to  Shuttle  Program 

The  Shuttle  window  damage  is  well  described  once  it  is  discovered 
during  vehicle  inspections.  However,  the  only  information  available  from  an 
inspection  is  a  detailed  description  of  the  appearance  of  the  crater,  and  a  mea¬ 
surement  of  its  size.  Knowing  the  projectile  material,  velocity  or  incidence 
angle  is  not  possible  from  a  visual  inspection.  An  SEM  analysis  can  show  what 
the  projectile  was  and  what  range  of  velocity  the  event  had,  but  more  infor¬ 
mation  can  only  be  guessed  at.  The  equations  derived  in  this  paper  will  help 
narrow  the  guesses  and  improve  our  understanding  of  the  low-earth  orbit 
environment.  This  knowledge  will  help  us  plan  Shuttle  missions  more  wisely, 
and  not  damage  as  many  windows. 

Figure  7  and  table  7  show  data  from  several  flight  windows.  These 
windows  have  been  examined  with  an  SEM,  and  conclusive  evidence  has  been 
found  indicating  debris  damage.  The  spall  diameter  equation  (IS)  and  the  new 
penetration  equation  (14)  (for  Aluminum  projectiles  in  cases  of  debris)  are 
used  to  predict  the  mass  of  the  projectile  that  would  have  caused  the  respective 
damage.  The  two  equations  predict  masses  of  the  same  order  of  magnitude,  but 
the  bar  chart  shows  how  much  variation  there  is  in  the  prediction.  Part  of  the 
problem  with  the  flight  data  is  attributed  to  inconsistent  measurement  of  the 
front  spall  diameter. 


Predicted  of  Projectile  (g) 


fl 

r 


E3  penetration  equation  (14) 
HI  spall-momentum  (IS) 


Figure  7 
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Mission  Disk  Spall  Q/a  (cm)  Crater  depth  (cm)  Mass  from  (14)  (g)  Mass  from  (15)  (g) 


ST3-50  28-18-01 

0.5334 

0.0570 

2.09E-06 

5.66E-06 

STS-30  26-13-01 

0.2459 

0.0292 

2.81E-07 

9.91E-07 

STS-31  26-03-01 

0.1410 

0.0254 

1.85E-07 

2.83E-07 

STS-41 D26-06-01 

0.1905 

0.0203 

9.46E-08 

5.58E-07 

STS-41G26-17-01 

0.1334 

0.0178 

6.34E-08 

2.50E-07 

STS-50  26-31-01 

0.0338 

0.0080 

5.77E-09 

8.80E-08 

Table  7 


Conclusions 

A  new  penetration  equation  has  been  derived  that  includes  both  pro¬ 
jectile  and  target  parameters.  This  equation  fits  the  data  better  than  the  pre¬ 
vious  equations  round  in  the  literature  for  fused  silica. 

A  relationship  for  finding  impact  momentum  from  spall  diameter  has 
been  demonstrated  with  great  correlation. 

These  equations  will  be  used  in  future  analysis  of  Shuttle  window  impact 
damage.  The  information  derived  from  these  equations  about  the  impact  pa¬ 
rameters  in  low-earth  orbit  will  increase  NASA’s  understanding  of  the  low- 
earth  orbit  environment  and  will  make  space  flight  safer  and  window  re¬ 
placements  fewer. 
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ABSTRACT:  IT:?,  focus  of  the  Transparency  Durability  Test  Criteria  Program  is  to  develop  a  durability 
test  methodology  for  aircraft  transparency  systems  which  will  include  laboratory  coupon  scale  durability  testing, 
full  scale  durability  testing,  and  field  service  data  acquisition.  These  three  areas  will  be  used  to  develop,  measure, 
compare,  and  predict  actual  in  service  aircraft  transparency  durability,  where  durability  is  defined  as  the  continued 
ability  of  the  transparency  to  meet  specified  performance  requirements.  A  goal  of  the  Air  Force  is  that  future 
aircraft  transparency  systems  have  a  four  year  service  life  (on  the  aircraft).  This  program  is  being  conducted  to 
provide  better  tools  for  the  transparency  community  to  understand,  predict,  and  increase  transparency  durability. 


INTRODUCTION 

The  Transparency  Durability  Test  Criteria  Program  is  a  three  phase  program.  The  first 
phase  of  the  program  included  a  literature  review  [1],  a  review  of  test  programs,  test  data,  and 
work  relevant  to  transparency  durability  [2],  coupon  scale  testing  and  field  service  data 
acquisition  [3],  field  service  and  full  scale  data  analysis  and  full  scale  testing  critique  [4], 
correlation  of  coupon  and  full  scale  data  with  field  service  data  and  methodology  development 
and  documentation  [5] .  Each  of  the  successive  phases  is  an  iteration  of  the  first  phase,  updating 
collected  information,  building  on  and  improving  the  methodology.  Currently  the  program  is  in 
the  second  phase.  The  purpose  of  the  entire  program  is  to  develop  the  framework  of  a 
methodology  which  can  be  used  for  any  type  of  transparency  system. 

This  paper  is  a  compilation  of  the  information  reported  in  [1-5],  which  are  interim  reports 
for  the  Transparency  Durability  Test  Criteria  Program.  The  overall  methodology  of  predicting 
aircraft  transparency  durability  is  based  on  Figure  1.  This  methodology  includes  coupon  scale 
testing,  full-scale  testing,  and  field  service  data  acquisition  and  analysis. 

The  first  step  in  assessing  durability  is  coupon  scale  testing.  Coupon  scale  testing  can  be 
conducted  for  one  or  many  competing  transparency  cross-section  designs.  If  coupon  scale  testing 
produces  satisfactory  results,  then  full  scale  durability  testing  is  conducted.  If  full  scale  durability 


^Performed  under  Contract  F33615-90-C-3410  for  the  Flight  Dynamics  Directorate,  Wright 
Laboratory,  Wright-Patterson  AFB,  Ohio. 
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testing  produces  satisfactory  results,  then  the  transparency  design  is  ready  for  field  service.  If 
coupon  scale  or  full  scale  testing  reveal  problems  with  a  design,  the  design  can  be  changed.  If 
field  service  data  reveals  a  problem,  changes  can  be  made  not  only  to  the  transparency  design,  but 
the  entire  methodology,  which  includes  choice  of  coupon  scale  tests  and  interpretation  of  the 
results  of  the  coupon  scale  tests.  Coupon  scale  and  full  scale  durability  testing  are  conducted  with 
correlations  made  between  both  of  these  and  field  service  data.  The  whole  process  is  iterative  and 
can  change  continuously  as  it  is  used  to  reflect  lessons  learned  and  improvements  in  testing  and 
inteipretation  of  test  results.  At  this  stage  of  the  program,  only  the  skeleton  framework  of  the 
methodology  is  in  place.  Each  of  the  components,  coupon  scale  testing,  full  scale  testing,  and 
field  service  data  collection  and  analysis  are  identified  and  recommendations  are  made  for 
choosing  test  techniques  and  evaluating  results;  however,  the  parameters  for  and  the 
interrelationships  between  the  components  are  not  well  defined.  The  system  must  improve  with 
implementation.  The  methodology  is  a  general  one  which  could  be  applied  to  any  transparency 
system.  The  exact  choice  of  tests  and  interpretation  of  results  is  system  specific.  The  choice  of 
tests  and  analysis  of  results  for  a  new  system  must  be  based  on  experience  with  similar  systems. 

It  should  be  noted  thar  the  current  state  of  the  art  in  aircraft  transparency  durability  testing 
can  be  described  as  comparison  testing,  where  a  number  of  designs  are  subjected  to  the  same  tests 
and  then  ranked  in  terms  of  performance.  Even  though  artificial  weathering  or  laboratory 
conditioning  is  often  conducted  as  part  of  the  testing,  no  real  attempt  has  been  made  to  predict  an 
actual  service  life  based  on  that  testing.  Tnis  program  will  address  the  issue  of  actually  predicting 
service  life,  realizing  the  extreme  difficulties  in  doing  so.  Those  include:  development  of  a 
realistic  artificial  weathering,  correlating  coupon  scale  test  results  with  field  performance,  and 
factors  which  affect  durability  that  cannot  be  accounted  for  in  coupon  scale  testing 


* 
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COUPON  SCALE  SDURABILITY  TESTING 


Coupon  scale  testing  techniques  have  evolved  and  bec  ome  more  complex  with  the 
development  and  use  of  plastics  and  polymeric  materials  in  all  types  of  products.  Reference  [2] 
includes  brief  descriptions  of  many  of  the  historical  transparency  coupon  scale  test  programs. 
There  are  several  ways  to  increase  durability  of  a  given  part  The  major  v/ays  are  to  choose  the 
most  durable  material  from  a  set  oi'  materials,  to  customize  a  material,  or  to  coat  the  material  to 


it  frnrn  ^mrirr\nm/*nt  Plactirc  r*»fr\Trnii1pt*»H  nr  Hnrspri  ^HHitivPC  tr\  nliTmrtp 

specific  characteristics.  The  most  common  examples  are.  the  vise  of  (anti)plasticizers,  UV 
stabilizers,  and  cross-linking  agents.  This  type  of  work  (formulation  and  additive  packages)  is 
usually  conducted  by  the  plastic  suppliers  or  the  transparency  manufacturers. 


The  end  user,  in  this  case  die  government,  rarely  has  any  part  in  the  material  development, 
but  is  often  involved  in  evaluating  durability  and  also  basic  performance  characteristics  (such  as 
Haze  and  Luminous  Transmittance  for  transparent  plastics),  through  different  types  of  coupon 
testing.  Coupon  testing  has  iong  been  recognized  as  an  evaluation  tool  with  reasonable  cost; 
however,  the  choice  of  coupon  tests  and  the  inteipretation  of  test  data  are  not  simple,  are  not 
refined  to  the  point  of  being  an  exact  science,  and  are  r.ot  generally  agreed  upon  by  different 
groups  within  the  transparency  community. 
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The  purpose  of  this  section  is  to  present  coupon  scale  test  methods  which  are  available  for 
transparencies;  identify  those  which  appear  to  be  valuable  for  measuring  durability;  describe  the 
proposed  approach  for  evaluating  durability  with  coupon  tests;  conduct  proposed  tests  on  a 
transparency  system  of  interest  (in  this  case  the  F-lll  ADBIRT  windshield  system);  present 
results  of  that  testing;  and  finally,  assess  the  effort  to  date  and  make  recommendations  for  the 
future  phases  of  this  program. 

Identification  and  Classification  of  Tests 


Material  Property  Testing 

There  are  a  large  number  of  test  methods  that  deal  with  what  are  often  thought  of  as  basic 
material  properties.  These  tests  include  mechanical  tests  such  as  tensile,  compression,  shear, 
flexure,  Poisson's  ratio,  fatigue,  fatigue  crack  growth,  and  fracture  toughness,  thermal  tests  such 
as  coefficient  of  thermal  expansion  and  thermal  conductivity,  optical  tests  such  as  index  of 
refraction,  and  luminous  transmittance  and  haze,  and  various  electrical  tests.  For  many  common 
transparency  materials  such  as  glass,  polycarbonate,  and  acrylic,  most  of  these  properties  are  well 
defined  at  room  temperature  and  at  static  strain  rates.  For  interlayers  and  new  structural  and 
surface  ply  materials,  many  of  these  properties  have  not  been  documented.  The  properties  listed 
in  this  section  do  not  by  themselves  indicate  anything  about  durability.  The  exception  may  be  high 
temperature  tests  of  these  properties  which  indicate  that  a  material  is  not  suitable  for  high 
temperature  requirements.  Rather,  changes  in  these  properties  after  natural  or  artificial  aging,  or 
simulated  missions  can  be  used  to  measure  durability.  The  most  useful  of  these  tests  for  assessing 

HnraKilifu  rrwv  tpnci1f>  ti»chmr  TVncil<»  K>ctc  of  n(»u.'  ar>H  material  ran  n»,r»al  mami  material 

“  — ■  J  V  ~  ww****fl‘  •  ■*>#.  «<V  •»  M^VV»  »  »  VMlt  *V  »  VW.  •  » Mu  i  J  »  »  avtwa.  lau 

changes  and  possible  durability  problems.  For  example,  yield  strength,  initial  modulus,  and 
elongation  are  usually  affected  by  aging  of  plastics.  Luminous  haze  and  transmi  ttance  are  direct 
measures  of  transparency  optical  performance,  and  changes  in  these  properties  induced  by  aging 
can  indicate  significant  durability  problems. 


Performance  Testing 


The  development  of  birdstrike  resistant  aircraft  transparency  systems  produced  a  number 
of  "performance”  test  methods.  These  methods  were  developed  to  evaluate  impact  strength  and 
toughness,  flexural  stiffness  and  strength,  interlayer  strength,  and  edge  attachment  strength. 
These  tests  are  related  in  a  complex  way  to  many  of  the  basic  material  properties  tests  listed 
above.  Specific  tests  included  falling  weight,  three  and  four  point  loaded  flexural  beam,  air 
cannon,  torsional  shear,  flatwise  tension,  wedge  peel,  notched  and  unnotched  Izod,  edge 
attachment  pull-out,  and  edge  attachment  flexure.  These  tests  can  also  be  used  to  evaluate 
durability  by  comparing  the  results  of  these  types  of  tests  before  and  after  natural  or  artificial 
aging,  or  simulated  missions. 


PuraMity  Jesting 


A  third  class  of  test  methods  was  developed  or  adopted  that  could  be  used  to  address 
service  life,  resistance  to  aging,  and  durability  specifically.  These  methods  often  include  the 
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measurement  of  certain  material  properties  before  and  after  natural  and  simulated  weathering  (or 
aging)  or  some  type  of  simulated  mission  environment.  Specific  tests  include  rain  erosion,  dust 
erosion,  hail  impact,  salt  impingement,  oscillating  sand  (Bayer)  abrasion,  Taber  abrasion,  tape 
peel,  chemical  stress  craze,  chemical  attack  (swelling),  stress  weathering,  thermal  shock, 
yellowness  index,  gel  permeation  cliromatography  (GPC),  differential  scanning  calorimetry 
(DSC),  thermal  mechanical  analysis  (TMA),  dynamic  mechanical  analysis  (DMA),  x-ray 
photoelectron  spectroscopy  (XPS),  energy  dispersive  x-ray  analysis  (EDXA),  Raman 
spectroscopy,  gas  chromatography  mass  spectroscopy,  Fourier  transform  inlfared  (FTIR),  avid 
*  optical  and  scanning  electron  microscopy  (SEM). 

Summary  of  General  Test  Methods 

A  list  of  test  methods  which  have  been  used  in  the  past  for  transparency  testing  is  shown 
in  Table  1.  These  test  methods  are  used  to  characterize  different  properties  of  the  transparency  as 
a  whole,  or  material  by  material.  However,  not  all  of  these  tests  arc  necessarily  applicable  vo 
durability  testing  or  prediction.  When  choosing  a  test  to  evaluate  durability,  it  is  helpful  to  think 
in  terms  of  what  failure  mode  is  being  evaluated.  A  number  of  the  tests  listed  in  Table  1,  although 
used  often  to  characterize  various  properties  of  transparent  materials,  do  not  yield  any  particular 
information  concerning  transparency  failure  modes  or  durability.  For  instance,  thermal 
conductivity,  while  perhaps  important  for  calculating  heat  transfer  through  the  transparency,  does 
not  significantly  affect  durability  (although  changes  in  thermal  conductivity  might  be  an  indication 
of  a  durability  problem  such  as  polymer  degradation),  since  transparencies  are  not  removed  due  to 
changes  in  thermal  conductivity. 

Common  failure  modes  as  well  as  recommended  tests  to  evaluate  durability  in  terms  of 
those  failure  modes  are  listed  in  Table  2  for  the  transparency  types  of  interest.  Tests  shown  in 
Table  2  are  limited  to  those  which  have  proven  successful  and  are  favored  by  many  in  the 
transparency  industry,  or  which,  although  new  and  not  entirely  proven,  appear  to  show  promise 
for  evaluating  durability.  An  example  is  free  volume.  Free  volume  in  a  polymer  is  the  empty 
space  in  the  molecular  structure.  Thermal  aging  below  the  glass  transition  temperature  for 
polycarbonate  increases  the  order  of  the  molecular  structure,  increasing  the  density  of  the 
material,  while  decreasing  the  free  volume.  Consequently,  free  volume  can  give  an  indication  of 
thermal  aging  [6,7],  However,  free  volume  testing  and  application  are  in  their  infancy  and  have 
not  yet  been  applied  to  any  great  extent. 

The  tests  listed  in  Table  2  for  each  failure  mode  are  tests  which  can  be  used  to  address 
that  mode.  Where  more  than  one  test  is  listed  per  failure  mode,  the  different  tests  may  address 
that  type  of  failure  mode  in  subtle  or  grossly  different  ways.  For  example,  air  cannon,  falling 
weight,  flexure  beam,  and  tensile  testing  are  recommended  to  address  structural  degradation 
caused  by  aging.  However,  each  of  these  tests  has  a  different  application,  based  on  the  strain  rate 
of  interest.  As  a  second  example,  fatigue  crack  growth,  fracture  toughness,  and  tensile  edge 
attachment  tests  are  recommended  to  evaluate  cracking  as  a  failure  mode.  Where  aging  is 
affectmg  the  bulk  transparency  acrylic  face  sheet  or  the  polycarbonate,  fatigue  crack  growth  and 
•v  fracture  toughness  tests  are  appropriate  to  determine  if  these  properties  are  changing  due  to 

aging.  However,  where  the  bulk  material  is  not  degraded  but  the  edge  attachment  is  possibly 
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degraded,  tensile  edge  attachment  testing  is  recommended. 


There  are  several  failure  modes  winch  are  not  addressed  in  Tables  1  or  2.  These  include 
distortion  and  delamination  caused  by  residual  stress  or  wavy  or  out-of-contour  plies;  distortion, 
delamination,  or  surface  degradation  caused  by  in-fdght  and  flight-line  thermal  effects;  residual 
strength  after  fatigue,  pressure,  and  flight  load  stresses;  and  multiple  imaging.  Distortion  is 
caused  by  geometric  anomalies  such  as  waviness  of  the  ply(s).  Distortion  can  be  present  as 
manufactured,  which  is  not  a  durability  problem.  Distoition  can  also  be  caused  by  in  service 
temperature  extremes  for  plastic  or  plastic  faced  transparencies,  resuiting  in  warping  or 
contraction  of  the  plastic.  This  failure  mode  as  well  as  failure  modes  caused  by  pressure  loads  can 
generally  only  be  addressed  in  full  scale  durability  testing.  Multiple  imaging  is  a  result  of  the 
different  indices  of  refraction  for  the  different  plies  in  a  laminate,  occurring  when  light  passes 
through  the  laminate  at  certain  angles.  Multiple  imaging  is  not  a  durability  problem,  it  is  a  design 
and  manufacturing  problem.  Failure  due  to  hail  impact  or  fungus  attack  were  not  included  in 
Table  2  as  these  are  considered  natural  hazards  and,  while  existent,  are  relatively  rare.  Fungus 
attack  does  not  appear  to  be  a  problem  for  current  USAF  aircraft  transparencies.  The 
development  of  new  face  ply  materials  and  coatings  should  include  fungus  testing  for  screening 
purposes. 

Combat  hazards  are  not  addressed  in  this  program.  It  should  be  noted  that  the  ability  of  a 
transparency  system  to  resist  combat  hazards  may  change  as  the  transparency  ages.  If  combat 
hazard  protection  is  required  for  a  transparency  system,  that  system  should  be  subjected  to 
coupon  scale  artificial  weathering  and  combat  hazard  testing,  and  then  possibly  full  scale 
durability  testing  followed  by  combat  hazard  testing. 

Coupon  Scale  Methodology 

lire  goal  of  the  coupon  scale  testing  is  to  conduct  tests  using  coupon  specimens  from  new 
and  artificially  weathered  transparencies  (from  Table  2)  which  are  related  to  the  failure  modes  of 
interest  for  a  type  of  transparency  system.  Changes  in  measured  properties  resulting  from 
artificial  weathering  and  conditioning  are  evaluated  (conditioning  may  include  parameters  such  as 
abrasion  during  weathering).  Figure  2  is  an  example  of  how  a  given  test  property  might  degrade 
with  time  (under  artificial  weathering  conditions)-  Note  that  for  non-destructive  tests  such  as 
haze  and  transmittance,  data  can  be  obtained  at  multiple  intervals  between  zero  and  4  years  of 
aging,  while  destructive  tests  can  only  be  conducted  at  one  or  two  points  for  each  specimen  (to 
keep  costs  reasonable,  only  baseline,  2  year,  and  4  year  artificially  aged  specimens  were 
destructively  tested).  Assuming  that  a  transparency  can  be  called  "failed"  when  the  property 
degrades  to  a  specified  value,  and  that  the  shape  of  the  degradation  curve  remains  constant 
independent  of  the  baseline  starting  point,  Figure  2  shows  that  any  spread  in  the  baseline  data  will 
result  in  spread  in  "time  to  fail".  This  "failure  time"  is  simply  the  time  required  for  the  property  to 
degrade  to  a  specified  minimum  (or  maximum,  for  tests  such  as  haze). 

Specification  of  a  failure  value  for  a  given  property  will  be  determined  from  in  service 
aged  coupon  tests.  In  Phase  II  of  this  program,  for  those  tests  where  measured  properties 
changed  in  Phase  I  artificially  aged  tests,  similar  tests  will  be  conducted  on  a  number  of  in  service 
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aged  transparencies.  As  shown  in  Figure  3,  scatter  will  also  be  present  in  service  aged  data;  there 
was  significant  scatter  in  coupon  test  results  for  coupons  from  in  service  aged  F-lll  windshields 
in  the  Reference  [4]  program.  To  characterize  the  scatter,  a  minimum  of  three  windshields  will  be 
required  for  each  in  service  age  test  data  point.  For  instance,  to  characterize  in  service  age  test 
performance  at  one,  two,  three,  and  four  years,  three  windshields  would  be  tested  with  service 
lives  of  approximately  one  year,  three  would  be  tested  with  service  lives  of  approximately  two 
years,  three  would  be  tested  with  service  lives  of  approximately  three  years,  and  three  would  be 
tested  with  service  lives  of  approximately  four  years.  Based  on  field  service  data,  a  failure  time 
will  be  identified  on  the  in  service  degradation  curves  and  the  measured  value  (or  mean  value  with 
a  confidence  interval)  of  the  property  from  coupon  testing  for  that  time  will  be  identified.  This 
value  will  be  used  as  the  failure  value  for  artificially  aged  coupons,  if  a  positive  correlation  exists 
between  the  property  and  the  field  service  data.  In  this  way  the  results  of  the  testing  of  the  in 
service  aged  transparencies  will  be  correlated  with  the  test  results  of  the  baseline  and  artificially 
aged  specimens  to  provide  a  basis  for  predicting  service  life  for  a  given  test  method  and  given 
failure  mode. 


The  assumptions  made  and  the  discrepancies  which  will  result  from  this  approach  are 
worth  noting.  The  consistency  of  conditioning  exposure  will  be  better  for  the  artificially  aged 
specimens  than  for  the  in  service  aged  specimens,  since  no  two  in  service  aged  transparencies  are 
exposed  to  exactly  the  same  environment  or  conditioning.  Until  proposals  for  instrumenting 
transparencies  with  micro-sensors  (to  monitor  actual  exposure  history)  are  implemented,  the  best 
measure  of  in  service  conditioning  is  time  on  the  airplane,  known  as  service  life.  It  must  be 
assumed  that  coupons  from  one  or  two  transparencies  with  the  same  in  service  age  will  be 
representative  of  all  transparencies  with  that  same  service  age.  This  is  obviously  not  true  as  one 
transparency  might  be  from  an  airplane  that  was  stationed  in  an  arid  environment  and  another 
might  be  from  an  airplane  that  was  stationed  in  a  sub-tropical  environment.  In  addition,  three 
years  of  service  life  on  one  airplane  might  be  much  more  severe  (in  terms  of  flight  line  and  in¬ 
flight  thermal  and  pressure  profiles)  than  five  years  of  service  life  on  another  airplane,  because  of 
different  climates  and  different  missions  that  might  be  flown  at  different  bases.  In  addition  to 
scatter  caused  by  in  service  aging,  it  is  expected  that  there  is  scatter  or  variability  among  new 
(baseline)  transparencies  which  could  be  caused  by  manufacturing  process  variables,  lot  to  lot 
materia]  variability  7  2nd  other  fsetors.  While  we  crh  measure  certain  properties  for  baseline 
transparencies  and  for  in  service  aged  transparencies,  we  do  not  know  what  baseline  values  for 
these  properties  the  service  aged  transparencies  had  when  they  were  new.  An  average  value  and  a 
confidence  interval  can  be  assumed  based  on  testing  of  baseline  transparencies  now;  however,  the 
fact  that  scatter  exists  must  be  realized  and  interpretations  based  on  test  results  of  in  service  aged 
transparencies  must  be  cautious.  For  example,  a  certain  measured  property  for  a  failed 
transparency  with  one  year  of  service  life  might  be  extremely  low  compared  to  average  values  for 
that  property  in  baseline  transparencies;  however,  that  property  might  have  initially  been  very  low 
for  that  transparency  (if  it  would  have  been  measured  when  the  transparency  was  new)  possibly 
explaining  the  short  service  life;  a  second  explanation  for  the  low  value  after  only  a  year  of  service 
life  c<  uld  be  an  exceptionally  severe  environment  for  that  transparency.  Scatter  in  the  service 
aged  degradation  curves  may  make  it  difficult  to  establish  a  trend  similar  to  that  of  artificially  aged 
degradation  curves.  In  a  like  manner,  field  data  may  also  indicate  that  "failure  times"  or  "service 
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lives"  for  a  particular  failure  mode  contain  so  much  scatter  that  it  may  be  difficult  to  find  or 
establish  a  "failure  value"  for  an  identified  property  (or  combination  of  properties). 

Artificial  Weathering  Technique 

One  of  the  most  important  parts  of  a  coupon  scale  test  program  to  evaluate  durability  is 
the  choice  of  artificial  weathering,  or  conditioning,  techniques.  Numerous  past  researchers  have 
concluded  that  outdoor  "life"  (without  respect  to  any  particular  failure  mode)  and  "life"  due  to 
accelerated  weathering  do  not  directly  correlate.  The  scatter  in  natural  weathering  data  is  too 
large,  and  the  interacting  factors  too  numerous,  for  calculations  of  universal  "factors"  which 
correlate  natural  and  artificial  "life"  for  all  materials  and  environments.  However,  it  is  usually 
possible  to  correlate  the  ranking  of  material  performance  in  artificial  conditioning  to  that  in  natural 
conditioning  as  long  as  the  artificial  weathering  adheres  to  critical  factors  found  in  the  natural 
environment.  In  the  long  run,  given  sufficient  statistical  data  on  natural  weathering  and 
sufficiently  large  safety  factors,  it  may  be  possible  to  develop  conservative  "life"  values  for  natural 
exposure  on  the  basis  of  artificial  and  accelerated  exposure. 

For  transparency  materials,  the  important  factors  include  the  spectral  distribution  of  the 
sun's  EM  radiation,  particularly  in  the  UV  region;  temperature;  and  wet  time  (which  includes  dew 
condensation  and  is  distinctly  different  from  total  precipitation  or  humidity  of  the  air).  Also 
important  is  the  manner  in  which  these  factors  vary  on  a  daily  basis  over  the  course  of  a  year. 
UDRI  reevaluated  artificial  weathering  techniques  used  in  the  past,  in  an  effort  to  identify  or 
develop  a  technique  which  has  the  following  attributes:  simple  to  operate,  lab  scale,  commercially 
available,  accelerated,  reasonable  cost,  UV  spectrum  which  is  similar  to  the  UV  in  the 
atmosphere,  moisture  included,  and  thermal  environment  of  the  transparency  simulated  as  much 
as  possible. 

The  evaluation  showed  the  QUV  [8,9]  to  have  a  number  of  advantages  over  other 
laboratory  scale  weathering  systems.  The  QUV  is  readily  available  and  is  inexpensive  to  purchase 
and  operate.  Virtually  all  of  the  major  transparency  manufacturers  have  QUV  machines  at  their 
facilities.  The  QUV  can  duplicate  periods  of  high  UV  exposure  and  temperature  and  low 
moisture  content,  followed  by  periods  of  low  UV  exposure  and  temperature  and  high  dew 
condensation.  UV,  temperature,  and  moisture  (wet  time)  can  be  varied  independently. 

Tlie  artificial  weathering  profile  for  the  QUV  was  developed  by  defining  specific  operating 
values  for  UV,  temperature,  and  wet  time,  based  on  natural  weathering  data  taken  at  two 
locations:  New  River,  Arizona,  and  Miami,  Florida.  The  former  represents  a  location  with  high 
temperature  and  UV  exposure.  The  latter  experiences  lower  UV  doses  but  significantly  higher 
wet  times.  The  basic  approach,  common  to  all  three  environmental  parameters,  was  to  examine 
data  collected  by  DSET  Laboratories  at  the  above  mentioned  geographic  sites,  and  reduce  the 
daily  data  for  each  factor  to  a  weighted  average,  over  a  year's  time.  The  weighting  was  dependent 
on  the  factor  being  considered  and  how  it  was  perceived  to  affect  polymer  degradation. 
Specifically,  monthly  averages  were  calculated  for  4  to  7  of  the  most  recent  years  (depending  on 
the  environmental  parameter)  for  which  complete  monthly  data  was  available  for  at  least  10 
months.  Using  this  monthly  data,  a  weighted  yearly  average  was  calculated  for  each  parameter. 
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These  values  were  then  correlated  to  QUV  output  measurements  to  calculate  cycle  times  and 
temperatures  which  would  produce  an  equivalent  year  of  wet  time  in  Miami  and  an  equivalent 
year  of  UV  exposure  and  temperature  induced  degradation  in  New  River.  QUV  cycles  could 
therefore  be  considered  "worst  case"  by  combining  the  most  damaging  environmental  effects  from 
each  location. 

Using  simple  degradation  models  [10,1 1]  to  perform  the  calculations,  the  QUV  exposure 
cycle  used  in  this  program  consists  of  alternating  cycles  of  8  hours  of  UV  exposure  at  70  degrees 
Celsius  using  UVA-340  bulbs,  followed  by  4  hours  of  dark/condensation  at  50  degrees  Celsius 
(this  was  the  highest  maintainable  temperature  in  the  UDRI  QUV  machines  during  the 
condensation  cycle).  Based  on  simpl  e  models,  this  cycle  should  roughly  match  the  degradation 
due  to  average  total  UV  radiation  energy  (300-380  nm)  and  temperature  in  New  River,  Arizona, 
and  the  average  percentage  wet  time  in  Miami,  Florida.  Two  weeks  of  exposure  (336  hours)  in 
the  QUV  is  being  used  to  represent  one  year  of  natural  weathering.  Routine  cleaning  was 
simulated  by  wiping  the  surface  of  the  specimens  50  times  with  a  50/50  mixture  of  isopropyl 
alcohol  every  other  day  (after  48  hours  of  artificial  weathering),  using  a  Kimwipe  paper  towel. 

The  artificial  conditioning  scheme  developed  for  this  program  is  generic  in  the  sense  that  it 
only  includes  weathering  and  could  be  applied  to  any  transparency  system.  In  tne  future,  it  is 
recommended  that  work  be  conducted  to  add  transparency  system-specific  conditioning  that 
includes  equivalent  thermal  energy  and  other  parameters  which  may  be  encountered  during  flight 
For  instance,  if  an  aircraft  mission  profile  produces  transparency  surface  temperatures  of,  say,  300 
°F,  exposure  of  coupon  test  specimens  to  temperatures  of  300°F  (and  possibly  other  simultaneous 
conditions)  might  reveal  problems  which  wouid  otherwise  go  undetected  untii  full  scale  durability 
testing  was  conducted. 


* 
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PHASE  I  COUPON  TESTING 
Failure  Modes  and  Selected  Tests 


As  an  example  of  how  test  methods  are  chosen  for  a  specific  system,  the  tests  which  were 
chosen  for  evaluating  the  F- 1 1 1  ADBIRT  windshield  are  described  below.  The  F-l  1 1  ADBIRT 
windshield  is  art  acrylic  faced  laminate  with  two  polycarbonate  suuciural  plies.  While  it  would  be 
desirable  to  conduct  testing  on  all  aircraft  transparency  types  with  many  or  all  of  the  test  methods 
discussed  below,  it  was  not  economically  feasible.  Tire  F-l  11  v  _.._..,eld  was  chosen  to  be  used 
to  develop  and  demonstrate  a  coupon  scale  test  methodology  as  it  represents  a  cross  section 
design  of  interest,  baseline  (new)  transparencies  are  available,  this  system  has  the  most  complete 
available  field  service  data,  and  full  scale  durability  testing  has  been  conducted  for  the  F-l  11. 

Test  methods  chosen  for  evaluating  these  transparencies  were  limited  to  those  which  were 
established  or  required  minimal  development  and  which  addressed  common  failure  modes  for 
these  (types  of)  transparencies. 


Abrasion,  aging,  crazing,  cracking,  and  delamination  were  chosen  as  the  failure  modes  to 
be  investigated  for  the  F-l  1 1  transparencies.  These  failure  modes  are  representative  of  failure 
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modes  encountered  in  service;  see  Reference  4  for  more  complete  analysis  of  F- 1 1 1  failure  modes. 
Abrasion  failures  due  to  dust  and  sand  impingement  were  very  common  during  Desert  Storm. 
Cleaning  abrasion  scratches  are  often  evident  when  transparencies  are  inspected  on  the  aircraft 
during  field  service  data  acquisition  trips.  Crazing  and  delamination  are  the  two  most  prevalent 
failure  modes  reported  in  the  F-ll  1  field  service  data.  Cracking  at  the  edge  and  in  the  vicinity  of 
the  bolt  holes  has  become  a  reason  for  removal  and  is  of  special  concern  as  cracks  decrease 
birdstrike  resistance  (it  is  important  to  maintain  birdstrike  protection  during  the  service  life  of  a 
transparency). 


Table  3  shows  the  Phase  I  coupon  scale  test  matrix.  Oscillating  sand  (Bayer)  abrasion 
simulates  rubbing  or  contact  type  of  abrasion,  such  as  might  be  caused  by  cleaning  a  dirty 
transparency  or  by  a  maintenance  person  rubbing  up  against  the  transparency  during  maintenance 
operations.  Salt  impingement  simulates  ice  crystal,  sand,  or  dust  impact  during  flight  or  on  the 
ground.  These  two  types  of  abrasion  tests  are  reasonable  in  cost  and  are  used  by  many  in  the 
industry.  Currently,  both  have  several  drawbacks.  The  standard  sand  used  in  the  Bayer  abrasion 
test  and  the  standard  salt  used  in  the  salt  impingement  test  are  no  longer  available.  Consequently, 
replacements  were  chosen. 


Haze  and  transmittance  testing  of  new,  laboratory  aged,  and  in  service  aged  coupons  can 
be  conducted  as  part  of  the  salt  impingement  test,  as  these  measurements  are  typically  made  at 
one  comer  of  the  specimen  which  is  not  abraded.  This  test  alone  was  utilized  to  evaluate  aging  of 
the  bulk  laminate.  Other  tests  have  been  used  in  the  past  and  essentially  no  bulk  polycarbonate 
degradation  has  been  detected  as  noted  below.  Molecular  weight  of  polycarbonate  from  F-ll  1  in 
service  aged  windshields  was  evaluated  in  Reference  [12],  and  molecular  weight  of  polycarbonate 
from  F-16  in  service  aged  forward  canopies  was  evaluated  in  References  [13]  and  [14]. 

Molecular  weight  was  not  found  to  be  significantly  affected  by  in  service  aging  in  any  of  these 
programs.  Reference  [14]  did  report  molecular  weight  degradation  in  one  lot  of  canopies  caused 
by  an  improper  additive  used  by  the  sheet  manufacturer.  In  that  case,  the  material  degraded 
significantly  even  when  stored  in  the  laboratory.  Dynamic  mechanical  analysis  (DMA)  was  also 
conducted  in  the  Reference  [12]  program,  and  minimal  thermal  history  effects  were  detected  for 
the  polycarbonate.  Typically  interlayers,  coatings,  and  face  plies  screen  out  UV  before  it  reaches 
the  polycarbonate;  however,  it  is  possible  that  molecular  weight  could  change  for  some  types  of 
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transparent  coating. 


Infrared  (IR)  and  x-ray  photoelectron  (XPS)  spectroscopy  were  identified  as  techniques  to 
characterize  the  surface  of  the  acrylic  faced  specimens  before  and  after  artificial  weathering  and 
after  in  service  aging.  These  tests  are  surface  sensitive  techniques  which  can  be  used  to  identify 
changes  in  the  polymer  caused  by  weathering  or  chemical  attack.  Only  XPS  tests  were 
conducted.  After  XPS  testing  was  complete,  another  technique,  gas  chromatography  mass 
spectroscopy,  was  chosen  to  evaluate  acrylic  aging.  The  most  prevalent  change  in  cast  acrylic 
(PMMA,  polymethyl  methacrylate)  with  aging  is  reversion  of  the  polymer  to  the  monomer  [15]. 
Initially  PMMA  would  have  a  monomer  concentration  of  approximately  0.7%,  and  with  aging  the 
concentration  may  increase  as  much  as  2,5%.  This  increase  in  monomer  decreases  the  craze 
resistance  of  the  acrylic.  Reversion  to  the  monomer  is  reported  to  occur  only  at  temperatures 
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near  the  glass  transition  temperature  and  is  maintained  only  if  the  material  is  cooled  rapidly.  If  the 
material  is  cooled  slowly,  the  free  monomer  will  recombine.  Gas  chromatography  mass 
spectroscopy  tests  have  been  conducted  on  F-16  canopies  with  craze  problems  in  the  forward 
viewing  area  by  Polycast.  The  crazed  areas  which  were  in  the  forward  portion  of  the  canopy  had 
monomer  concentrations  of  approximately  2.5%  and  the  uncrazed  areas  had  monomer 
concentrations  of  approximately  0.7%.  Apparently  the  forward  portion  of  the  canopy  is  exposed 
to  thermal  conditions  which  result  in  reversion  of  some  of  the  polymer  to  the  monomer. 

Chemical  stress  craze  tests  provide  a  straightforward  evaluation  of  craze  resistance  for  a 
given  chemical;  however,  the  tests  have  not  been  related  to  field  service  durability.  A  second 
technique  to  evaluate  craze  resistance  is  surface  roughness.  UDRI  conducted  a  study  of  the  effect 
of  surface  roughness  on  chemical  stress  crazing  of  cast  acrylic  [16].  As  expected,  craze  resistance 
increased  as  surface  roughness  decreased;  however,  the  technique  used  by  UDRI  to  measure 
surface  roughness  was  not  sensitive  enough  to  characterize  surface  roughness  of  extremely 
smooth  optical  surfaces.  Other  teclmiques  exist  such  as  the  non-contacting  laser  profilometer 
[17];  however,  these  types  of  systems  are  expensive  and  have  only  been  used  for  small  coupon 
specimens  to  date.  Other  surface  roughness  measuring  techniques  were  evaluated,  including  a  |i 
Scan  scatterometer  manufactured  by  TMA  Technologies  Inc.  Craze  resistance  for  acrylic  is  also 
dependent  on  the  amount  of  monomer  present  As  acrylic  ages,  especially  in  the  presence  of 
elevated  temperature,  it  reverts  to  the  monomer,  and  the  more  monomer  which  is  present,  the 
lower  the  craze  resistance  of  the  acrylic.  The  amount  of  monomer  can  be  evaluated  using  gas 
chromatography  mass  spectroscopy. 


To  evaluate  the  resistance  of  the  edge  attachment  to  degradation  (cracking),  coupon 
specimens  were  subjected  to  tensile  edge  attachment  testing.  As  reported  in  Reference  [12], 
fatigue  crack  growth  and  fracture  toughness  testing  of  the  polycarbonate  plies  from  baseline  and 
in-service  aged  F-lll  ADBIRT  windshield  transparencies  indicated  that  there  was  no  significant 
change  in  these  properties  in  the  bulk  material  with  in  service  aging.  These  tests  were  not 
repeated  in  the  current  program. 


Flatwise  tension  and  differential  scanning  calorimetry  (DSC)  or  dynamic  mechanical 
analysis  (DMA)  were  chosen  to  evaluate  delamination.  Flatwise  tension  measures  mechanical 
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changes  caused  by  in  sendee  aging.  DSC  or  DMA  were  identified  as  candidate  techniques  for  this 
program  to  determine  if  aging  changes  the  cross-link  density  of  the  interlayer.  DMA  is  preferred 
as  it  gives  more  information  about  the  polymer  than  DSC;  however,  it  is  very  difficult  to  fabricate 
a  DMA  specimen  from  the  interlayer.  DSC  was  chosen  as  a  backup  technique  to  evaluate 
changes  caused  by  aging,  but.  was  not  used.  Molecular  weight  is  not  a  suitable  test  for  silicone 
and  urethane  interlayers  as  they  are  probably  not  soluble  and  are  highly  cross-linked  materials.  It 
is  possible  that  the  changes  which  cause  delamination  are  not  in  the  bulk  interlayer,  but  are  at  the 
interface  between  the  interlayer  and  the  substrate,  and  may  involve  primers.  Changes  at  this 
location  may  be  difficult  to  detect  and  may  require  surface  analysis  techniques  such  as  IR 
spectroscopy  and  XPS. 
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Results  of  Phase  I  Artificially  Aged  Coupon  Testing 

The  goal  of  the  coupon  scale  testing  was  to  conduct  tests  of  baseline  and  laboratory  aged 
specimens,  and  identify  trends  in  the  measured  test  results  that  could  be  correlated  with 
degradation  and  durability.  The  chosen  coupon  scale  test  methods  and  the  chosen  artificial 
weathering  technique  produced  recognizable  degradation  trends  in  a  number  of  the  test  methods. 
However,  scatter  existed  in  test  values  between  different  windshields  with  the  same  history, 
making  measurement  and  identification  of  trends  difficult  It  appears  that  more  specimens  need  to 
be  tested  for  each  condition  to  better  quantify  scatter,  and  that  additional/different  test  methods 
must  be  identified  to  evaluate  degradation  and  durability. 

The  oscillating  sand  and  salt  impingement  tests  were  chosen  to  simulate  abrasion.  Results 
from  these  tests  were  consistent  with  the  goal  of  the  coupon  testing.  Artificial  weathering 
combined  with  abrasion  produced  measurable  decreases  in  optical  properties,  which  followed 
easily  recognizable  trends  (Figures  4  and  5).  Haze  values  were  higher  and  transmittance  values 
were  lower  for  baseline  oscillating  sand  abrasion  (no  QUV  exposure)  than  for  oscillating  sand 
abrasion  combined  with  QUV  exposure.  Weathering  and  cleaning  actually  polish  the  transparency 
surface,  resulting  in  better  optics.  Acrylic  is  very  stable  in  UV  light,  and  the  moisture  and 
temperature  exposures  do  not  seem  to  be  affecting  the  acrylic.  Field  cleaning  is  important  for 
maintaining  transparency  optical  quality.  This  is  evidenced  by  the  drop  in  haze  of  the  oscillating 
sand  abrasion  coupons  each  time  they  were  subjected  to  weathering  and  cleaning  after  being 
subjected  to  oscillating  sand  abrasion. 

The  failure  mode  of  crazing  was  evaluated  utilizing  chemical  stress  craze  testing.  As 
shown  in  Table  4,  there  is  a  definite  trend  of  decreased  craze  resistance  with  increased  artificial 
weathering.  Two  different  types  of  crazing  are  reported  in  Table  4.  The  first  has  been  referred  to 
as  transient  crazing,  and  refers  to  crazing  which  was  identified  during  the  actual  test.  It  is 
important  to  note  that  in  some  cases  the  transient  crazing  at  high  stresses  was  not  detectable  after 
removal  of  the  chemical  and  completion  of  the  test.  The  second  type  of  crazing  reported  has  been 
referred  to  as  permanent  crazing,  and  refers  to  crazing  which  was  identified  after  testing  was 
completed  under  very  close  examination  with  a  flashlight  as  a  light  source.  In  many  cases 
permanent  crazing,  though  very  faint,  was  detected  at  greater  stresses  than  was  detected  during 
the  test. 

Flatwise  tension  and  DMA  were  used  to  evaluate  delamination  as  a  failure  mode.  The 
effect  of  artificial  weathering  on  flatwise  tension  strength  varied  from  windshield  to  windshield. 
Minor  changes  in  the  interlayer  between  the  acrylic  surface  ply  and  the  outboard  polycarbonate 
ply,  as  a  result  of  artificial  weathering,  were  detected  using  DMA.  These  changes  in  combination 
with  the  flatwise  tension  results  indicate  that  properties  of  the  interlayers  are  not  changing  enough 
to  cause  delamination  concerns  as  a  result  of  artificial  weathering  alone.  Delamination  problems 
as  a  whole  are  most  prevalent  along  the  edges  of  transparencies  and  may  be  caused  by 
combination  of  moisture  ingress,  thermal  effects  (causing  shrink-back,  warping,  etc.),  and  out-of¬ 
contour  effects  (especially  for  glass  outer  plies).  These  effects  are  not  simulated  in  coupon  scale 
tests. 
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To  evaluate  the  resistance  of  the  edge  attachment  to  degradation  (cracking),  tensile  edge 
attachment  testing  war,  conducted.  The  results  of  tensile  edge  attachment  testing  indicate  that  the 
edge  attachment  is  not  affected  by  artificial  weathering.  XPS  and  gas  chromatography  mass 
spectroscopy  (GCMS)  were  used  to  evaluate  aging  of  the  acrylic  surface  ply.  No  significant 

*  changes  in  the  acrylic  surface  ply  were  detected  using  XPS;  this  technique  is  not  sensitive  to 
subtle  changes  in  acrylic.  Gas  chromatography  mass  spectroscopy  analysis  of  the  acrylic  surface 
ply  did  not  reveal  any  significant  changes  in  the  acrylic. 

*  It  should  be  emphasized  that  while  some  of  the  tests  chosen  did  not  provide  definitive 
information  about  the  specimens  which  were  artificially  aged  in  this  effort,  those  tests  still  warrant 
consideration,  as  they  may  still  be  valid  for  analysis  of  other  artificially  aged  specimens  or 
specimens  removed  from  service.  For  instance,  thermal  shock  (rapid  decrease  in  temperature 
from  temperatures  near  Tg)  may  occur  often  in  service,  increasing  monomer  reversion  and 
decreasing  durability.  QUV  artificial  weathering  does  not  include  thermal  shock  capabilities. 

Phase  II  of  this  program  will  investigate  tire  relationship  of  thermal  shock  to  durability  through  the 
use  of  density,  hardness,  and  GCMS  testing. 


FIELD  SERVICE  DATA  ACQUISITION  AND  DATA  ANALYSES 

The  collection  and  analysis  of  field  service  data  is  critical  to  the  understanding  of  the 
actual  performance  of  aircraft  transparencies  in  the  field.  Accurate  field  service  data  is  essential 
not  only  for  understanding  the  durability  problem,  but  is  also  essential  to  the  development  of 
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The  foremost  questions  which  field  service  data  must  answer  are: 


(1)  what  is  the  overall  average  service  life  for  a  type  of 
transparency, 


(2)  what  are  the  failure  modes  for  that  transparency,  frequency  of 
occurrence  for  each,  and  service  lives  associated  with  those 
failure  modes, 


(3)  what  effect  if  any  is  there  on  service  life,  failure  mode,  and 
fr  equency  of  occurrence  resulting  from  factors  such  as 
geographic  location  (home  base),  aircraft  model,  primary 
mission,  transparency  design,  manufacturer,  etc. 

Answering  these  questions  requires  collection  of  specific  data.  An  example  of  the  data 
which  has  been  collected  in  the  past  is  shown  in  Table  5.  Examples  of  the  methods  and 
recommended  types  of  analysis  which  can  be  conducted  using  the  data  can  be  found  in  Reference 

[4],  which  included  analysis  of  field  service  data  for  F-l  1 1,  F-16,  and  B-l  transparencies. 
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Data  Acquisition 


There  are  a  number  of  traditional  ways  which  field  service  data  has  been  acquired.  These 
include  the  Air  Force  Maintenance  Data  Collection  System  (MDCS),  field  trips  to  bases  to 
examine  transparencies  and  aircraft  records,  and  field  trips  to  warehouses  where  failed 
transparencies  are  stored.  These  techniques  have  a  number  of  drawbacks.  The  MDCS  has  not 
proven  to  be  useful  in  terms  of  accuracy  or  completeness  of  data  [5];  field  trips  are  expensive  and 
time  consuming;  warehouse  storage  requires  extensive  space,  shipping  costs,  and  a  concentrated 
effort  by  a  significant  number  of  persons  at  given  time  intervals  to  physically  examine  each  failed 
part.  At  this  point,  field  data  collection  trips  give  the  most  useful  (although  sometime*  limited) 
data. 


For  the  Durability  Test  Criteria  Program,  UDRI  has  accompanied  WL/HVR  personnel  on 
a  limited  number  of  data  acquisition  trips  for  F-l  11  and  F-16  aircraft.  However,  even  on-sight 
data  collection  requires  piecing  together  information  from  a  number  of  sources.  For  example, 
during  each  trip  for  F-l  11  data  (Cannon  AFB),  the  Weight  and  Balance  (W&B)  records, 
transparencies  currently  on  aircraft  on  the  flight-line,  and  the  parts  in  the  scrap  yard  must  be 
examined  to  get  service  life  and  (some)  failure  mode  data.  These  data,  though,  may  be 
incomplete:  serial  numbers  recorded  in  W&B  records  use  often  missing  cr  incomplete;  failure 
modes  are  rarely  recorded  in  W&B  records;  the  F-l  11  T.O.  manual  requires  recording  of  the 
transparency  ebangeout  in  W&B  records  only  if  the  difference  in  weight  between  old  and  new 
transparencies  is  greater  than  1/2  pound  (so  a  data  point  may  be  completely  missed,);  and  the 
failure  tags  from  parts  in  the  scrap  yard  are  often  incomplete  or  missing.  As  a  result,  considerable 
effort  is  required  to  obtain  complete  field  service  data.  However,  data  thatis  collected  has  proved 
valuable  in  selecting  appropriate  coupon  scale  tests. 

The  situation  is  less  severe  and  is  improving  for  F-16  canopies.  Until  recently,  the  r- 16 
canopies  removed  from  service  were  shipped  to  Hill  AFB,  where  every  two  years  or  so  they  were 
examined  and  the  reparability/recoatability  was  assessed  for  each  transparency.  Field  service  data 
from  such  an  assessment  was  acquired  for  approximately  1200  F-16  canopies  removed  in  the  two 
years  prior  to  June  1992.  Currently,  removed  canopies  are  shipped  back  to  Texstar  for 
evaluation. 

The  data  acquired  on  these  trips  is  being  added  to  the  database  for  these  aircraft  which 
was  developed  by  WL/FTV'R.  This  updated  database  will  be  analyzed  during  the  next  phase  of  the 
Durability  program.  Based  on  the  experience  gained  from  these  trips  and  the  analysis  of  the  data 
obtained,  field  service  data  collection  activities  for  the  second  and  third  phases  of  this  program 
will  be  modified  to  improve  field  service  data  collection. 

Also,  UDRI  is  evaluating  alternative  data  gathering  techniques  for  the  F-l  11,  F-16,  and  B- 
1  aircraft  transparency  systems.  A  data  card  is  being  developed  in-house  at  FTVR  to  provide  a 
possible  future  data  collection  technique.  UDRI  is  considering  an  interim  data  collection 
technique  which  would  consist  of  transparency  data  cards  that  are  filled  out  by  maintenance 
personnel  whenever  a  new  transparency  is  installed  in  an  aircraft.  Example  data  cards  for  F-l  11, 
F-16,  and  B-l  aircraft  transparency  systems  are  shown  in  Figures  6, 7,  and  8.  These  cards  would 


702 


» 


be  pre  addressed,  stamped,  and  could  be  on  hand  foi  use  at  the  base  or  depot.  However,  a  better 
approach  would  probably  be  to  include  a  data  card  with  each  new  transparency  that  has  all 
information  about  that  transparency  on  the  card  (such  as  manufacturer,  serial  number,  date  of 
manufacture,  weight,  etc.).  The  maintenance  personnel  would  complete  the  data  cards,  filling  out 
all  appropriate  blanks  which  identify  subject  aircraft,  transparency  removed,  reason  for  removal, 
etc.,  and  return  the  card  to  the  data  collecting  agency.  To  make  it  easier  for  field  personnel  to 
obtain  the  data  from  the  transparency  ID  decal,  a  standardized  decal  which  positively  identifies 
each  of  the  pertinent  pieces  of  information  could  be  incorporated.  Cunently,  many  of  the  decals 
are  hard  to  read  and  interpret.  In  order  for  a  system  like  this  to  work  it  is  critical  to  obtain  official 
Air  Force  approval,  and  that  the  people  who  actually  are  going  to  fill  out  these  cards  be  made 
aware  of  the  importance  and  reasons  for  collecting  the  data,  and  that  they  be  motivated  to  collect 
the  data  consistently  and  accurately. 


Example  F-lll  Field  Data 


A  portion  of  the  F-l  1 1  field  data  analysis  is  discussed  below.  Figure  9  displays  the 
average  lif. ,  95  percent  confidence  limits,  and  the  number  of  cases  for  each  specific  failure  mode. 
The  horizontal  line  is  the  average  life  for  the  failure  mode  and  the  extent  of  the  vertical  line 
defines  the  95  percent  confidence  limits  on  the  average.  The  confidence  limits  aie  defined  by  the 
expression 


(1) 


whereT  is  the  average  for  mode  i,  s  is  the  standard  error  from  the  analysis  of  variance  (i.e.,  the 
pooled  estimate  of  the  scatter  of  lives  from  all  of  the  failure  modes),  and  n;  is  the  number  of  cases 
for  mode  i.  The  factor  of  1.96  is  the  Student's  t  value  for  the  large  sample  size  in  the  estimate  of  s 
of  this  analysis.  Since  the  lengths  of  the  confidence  intervals  axe  inversely  proportional  to  the 
number  of  cases  in  the  averages,  the  longer  confidence  intervals  result  from  small  sample  sizes. 
Non-overlapping  confidence  limits  are  definite  indicators  that  the  averages  lives  are  significantly 
different.  This  figure  indicates  that  windshields  removed  for  acrylic  crazing  (Mode  1)  and 
delaminations  (Mode  4)  have  longer  lives  on  average  than  those  removed  for  cracks  (Modes  2 
and  3). 


Average  lives  with  confidence  bounds  for  the  two  windshield  manufacturers  with  data  are 
presented  in  Figure  10.  The  difference  between  these  averages  is  not  statistically  significant  for 
these  relatively  large  sample  sizes.  To  further  investigate  potential  differences  between  the 
manufacturers,  average  lives  for  each  manufacturer  by  failure  mode  combination  were  compared 
when  data  were  available.  None  of  the  differences  in  average  life  for  the  specific  modes  were 
statistically  significant  and  it  can  be  concluded  that  there  was  no  joint  effect  of  manufacturer  and 
failure  mode  on  life. 

To  test  whether  last  base  of  operation  had  a  significant  effect  on  windshield  life,  the 
average  lives  were  compared  for  the  five  bases.  The  observed  averages,  confidence  Limits  and 
sample  sizes  are  shown  in  Figure  11.  The  different  s  between  the  averages  are  not  significant. 
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The  clear  or  metallic  coating  was  specified  in  only  1 14  of  the  windshield  records.  Of 
these,  99  indicated  a  clear  coating  and  15  indicated  a  metallic  coating.  The  analysis  of  variance 
indicated  that  the  metallic  coating  average  life  of  36.4  months  was  significantly  longer  than  the 
clear  coat  average  life  of  25.2  months.  Due  to  the  very  small  number  of  metallic  coating  records, 
comparisons  of  average  life  for  failure  modes  was  not  generally  possible.  However,  the  average  f 

lives  for  the  9  clear  coated  windshields  and  seven  metallic  coated  windshields  with  a  delamination 
(Mode  4)  failure  mode  were  not  significantly  diffeient 

In  224  of  the  records  with  a  positive  partlife,  the  time  between  windshield  manufacture  « 

and  installation  was  available.  This  wait  or  storage  time  was  correlated  with  partlife.  Figure  12 
displays  the  correlation  and  indicates  that  storage  time  has  a  negative  impact  on  the  life 
(durability)  of  ADBIRT  windshields.  The  correlation  is  significantly  less  than  zero  but,  as  can  be 
seen  in  the  figure,  may  well  be  a  second  order  effect  if  the  wait  is  less  than  24  months.  There  are 
many  other  factors  that  affect  service  life. 


FULL  SCALE  DURABILITY  TESTING 


The  Air  Force  utilizes  a  test  facility  to  evaluate  full  scale  durability  of  aircraft 
transparencies  subjected  to  flight  conditions.  This  test  facility  is  known  as  the  full  scale  durability 
test  facility  and  is  located  at  WPAFB,  Area  B,  Building  68.  This  facility  has  been  used  to  assess 
durability  of  F-lll  ADBIRT  transparencies,  and  B-l  windshield  transparencies  are  currently 
being  evaluated  in  the  facility.  A  more  complete  discussion  of  full  scale  durability  testing  and  the 
lest  facility,  a  critique  of  the  facility,  and  correlations  between  full  scale  testing  and  in  service 
aging  are  included  in  Reference  4. 


The  full  scale  durability  facility  simulates  transparency  flight  temperatures  and  differential 
pressure  on  the  transparencies  during  different  types  of  standard  missions.  A  mix  of  flight  mission 
profiles  are  developed  to  simulate  each  year  of  typical  aircraft  usage.  Schematics  of  the  test 
system  are  shown  in  Figures  13  and  14.  Temperature  control  is  achieved  by  mixing  air  from  a  hot 
air  loop  and  a  cold  air  loop  with  the  test  loop  which  contains  the  test  article.  Each  loop  is 
controlled  independently.  Thermocouples  on  the  transparency  surface  provide  information  to  a 
control  system  which  operates  the  hot  and  cold  air  loop  valves  to  mix  air  so  that  the  desired 
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room  temperature  typically.  Pressure  loads  on  the  cockpit  are  simulated  by  pressurizing  or 
evacuating  the  cockpit  to  obtain  the  net  pressure  differential  between  internal  cockpit  pressure 
and  external  ambient  plus  aerodynamic  pressure  that  would  occur  duih  g  flight.  The  transparency 
surfaces  have  typically  been  cleaned  at  the  beginning  of  each  eight  hom  shift  utilizing  authorized, 
cleaning  solutions.  The  surface  area  of  the  transparency  is  broken  up  into  different  regions,  each 
of  which  is  cleaned  with  a  different  solution.  Periodically  the  transparencies  are  inspected,  and 
damage  is  documented  and  photographed.  In  the  past,  durability  testing  has  not  included 
environmental  effects  such  as  flight  line  temperatures,  UV  exposure,  rain,  humidity,  or  dust 
impingement.  Recommendations  regarding  these  additional  factors  were  made  in  Reference  4, 
and  inclusion  of  some  of  these  effects  is  being  considered. 


* 
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Full  scale  durability  testing  is  the  logical  next  step  in  the  development  of  durable 
transparencies  after  coupon  scale  testing.  Coupon  testing  cannot  reveal  every  possible  problem 
with  a  design,  nor  can  the  flight  environment  be  simulated  accurately.  Often  problems  develop  in 
fall  scale  testing  which  are  a  direct  result  of  the  edge  attachments,  the  size  and  geometry  of  the 
^  finished  part,  or  the  intense  thermal  profile  associated  with  simulated  flight  The  three  biggest 

drawbacks  to  full  scale  testing  are  the  cost,  die  time  required  to  test,  and  the  limited  number  of 
designs  and  systems  which  can  be  tested  due  to  schedule  and  time  constraints.  In  the  past  little  or 
no  attempt  has  been  made  to  document  this  type  of  testing,  and  there  have  been  no  correlations 
v  with  field  service  data. 

Full  scale  durability  testing  has  evolved  from  simply  putting  the  transparency  on  the 
airplane  and  flying  it,  to  the  development  of  a  facility  for  conducting  full  scale  durability  testing  on 
the  ground.  This  facility  has  been  criticized  in  terms  of  realism  of  testing,  cost,  time  to  test,  and 
relatively  small  number  of  articles  actually  tested;  however,  improvements  in  most  of  these  areas 
have  taken  place  or  are  taking  place.  Full  scale  testing  can  reveal  failure  modes  and  system 
problems  which  cannot  be  detected  with  coupon  scale  tests. 

One  of  the  single  most  important  areas  which  still  needs  to  he  addressed  is  that 
cor  lations  need  to  be  made  between  full  scale  durability  testing  and  field  service  performance. 
This  program,  the  Transparency  Durability  Test  Criteria  Program,  will  address  this  issue  during 
the  course  of  the  contract.  It  is  difficult  to  make  suggestions  to  improve  full  scale  durability 
testing  when  the  relationships  between  simulated  service  and  field  service  are  unknown. 
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CONCLUSIONS/RECOMMENDATIONS 


Much  of  the  work  in  this.  Phase  I,  of  the  program  was  to  develop  the  f  oundation  of  the 
overall  Transparency  Durability  Test  Criteria  Program.  The  focus  of  Phase  I  has  been  the 
formulation  of  the  methodology  for  assessing  durability,  and  initiation  of  work  in  each  of  the 
component  areas  of  that  methodology.  The  component  areas  are  coupon  scale  durability  testing, 
field  service  data  acquisition  and  analysis,  and  full  scale  durability  testing.  The  major  tasks  are  to 
identify  how  each  of  these  component  areas  should  be  addressed.  Common  failure  modes  from 
field  service  data  and  coupon  scale  tests  which  address  these  failure  modes  have  been  identified. 

A  laboratory  sc  ale  artificial  weathering  technique  utilizing  the  QUV  machine  has  been  developed 
for  conditioning  specimens.  The  formulation  of  and  preliminary  testing  to  validate  a  coupon  scale 
test  methodology  has  been  completed.  Field  service  data  collection  efforts  have  been  initiated, 
along  with  conceptual  development  of  an  improved  field  service  data  collection  technique. 
Extensive  analysis  of  tins  field  service  data  has  been  conducted,  and  full  scale  durability  test 
practices  and  the  facility  have  been  reviewed  and  critiqued  (Reference  [4]).  Integration  of  and 
correlation  between  each  of  these  areas  is  critical  to  the  completion  of  a  methodology;  however, 
integration  and  correlation  are  premature  at  this  stage  of  the  effort. 


To  reiterate,  the  methodology  is  a  general  one  which  could  be  applied  to  any  transparency 
system  and  can  be  described  as  follows.  The  first  step  in  assessing  durability  is  coupon  scale 
testing.  Currently,  coupon  testing  by  itself  cannot  be  used  to  predict  durability  in  terms  of  time. 


705 


Coupon  testing  can  and  has  been  used  to  comparatively  assess  durability  for  competing  materials 
or  designs  based  on  the  premise  that  performance  in  a  given  test  is  a  real  measure  of  durability. 
The  choice  of  coupon  tests  is  based  on  the  transparency  system  being  evaluated  and  for  a  new 
system  must  be  based  on  experience  with  similar  systems.  Coupon  tests  are  chosen  to  address  the 
failure  modes  which  can  occur  with  the  transparency  system.  If  coupon  scale  testing  produces 
satisfactory  results,  then  full  scale  durability  testing  can  be  conducted.  If  full  scale  durability 
testing  produces  satisfactory  results,  then  the  transparency  design  is  ready  for  field  service.  If  the 
coupon  scale  or  full  scale  testing  reveal  problems  with  the  design,  the  design  can  be  changed.  If 
field  service  data  reveals  a  problem,  changes  can  be  made  not  only  to  the  transparency  design,  but 
to  the  entire  methodology,  which  includes  choice  of  coupon  scale  tests  and  interpretation  of  the 
results  of  the  coupon  scale  tests.  The  whole  process  is  iterative  and  can  change  continuously  as  it 
is  used  to  reflect  lessons  learned  and  improvements  in  testing  and  interpretation  of  test  results. 

Phases  II  and  in  of  this  program  will  continue  to  build  on  the  foundation  of  this  Phase  I 
work  to  continue  the  development  and  validation  of  a  complete  aircraft  transparency  durability 
test  methodology.  Phase  II  test  plans  include  testing  of  in-service  aged  F-l  1 1  windshields  for 
identification  and  correlation  trends  similar  to  those  found  in  the  artificially  aged  coupon  tests. 
Included  in  artificially  aged  coupon  tests  will  be  a  series  of  Phase  II  tests  investigating  the  role  of 
thermal  shock  in  transparency  durability.  In  these  tests,  a  statistical  Design  of  Experiments 
approach  will  be  taken  to  assess  how  thermal  shock  affects  the  results  of  various  test  methods. 
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Figure  1.  Transparency  Durability  Methodology. 
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Figure  2.  Hypothetical  Degradation  of  Several  Given  Coupon  Scale  Test 
Properties  with  Artificial  Aging. 
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Figure  3.  Hypothetical  Degradation  of  Given  Coupon  Scale  Test  Property 
with  In-Service  Aging. 
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Figure  4.  The  Effect  of  Combined  QUV  Weathering  and  the  Most  Severe  Salt 
Impingement  (Location  4,  32  Blasts)  for  PPG  Specimens. 
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Figure  5.  The  Effect  of  Combined  QUV  Weathering  and  Oscillating  Sand 
Abrasion  for  PPG  Specimens. 
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Figure  6.  Field  Service  Data  Acquisition  Card,  F-lll. 
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Figure  8.  Field  Service  Daia  Acquisition  Card,  B-l. 
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Figure  9.  Service  Life  Statistics  for  Failure:  Modes  -  ADBIRT  Windshields. 
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Figure  !0.  Service  Ufc  Statistics  for  Manufacturers  -  AD^iRT  Windshields. 


AD8IRT  WINDSHIELDS  -  ALL  RECORDS 

-  AVERAGES 

-  95%  CONFIDENCE  BOUNDS 

-  SAMPLE  SiZES 


m 


lii 

S  < 

hi  > 


£  JjJ 

o  DL 
x 

!z  I — 
2  < 


d  Ld 

a  <2 

p  < 
^  CD 


z 

o 

2 

2 

< 

O 


Figure  II.  Service  Life  Statistics  for  Bases  -  ADBIRT  Windshields. 
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1.  Introduction 

Today's  high  performance  aircraft  require  increasingly  complex  transparency  systems  to 
meet  changing  mission  requirements.  At  present,  aircraft  transparencies  must  meet  a 
variety  of  specifications  including  birdstrike  protection,  optics,  and  weight.  Many  of  these 
high  performance,  high  cost  transparency  systems,  however,  are  experiencing  short  service 
lives.  A  need  exists  for  specifying  the  durability  of  a  transparency  system  during  the 
procurement  process  in  order  to  reduce  the  overall  life  cycle  costs  of  the  system. 

To  meet  this  need,  however,  durability  test  methodologies  and  criteria  must  first  be 
established.  The  Structures  and  Vehicle  Subsystems  Divisions  of  the  Flight  Dynamics 
Directorate,  Wright  Laboratory,  have  teamed  up  to  develop  and  validate  a  full-scale 
transparency  durability  test  methodology.  Overall  program  management  is  provided  by 
the  Aircraft  Windshield  Systems  Program  Office  (WL/FIVR),  while  testing  technology  is 
developed  and  applied  by  the  Structures  Test  Branch  (WL/FIBT). 

The  Aircraft  Transparency  Durability  Research  Facility  (ATDRF)  is  an  essential  tool  in  the 
overall  effort  to  develop  durability  test  methodologies.  In  conjunction  with  several 
coupon-scale  tests  that  are  under  development,  it  should  provide  a  sound  basis  for 
assessing  the  durability  of  aircraft  transparencies  at  the  beginning  of  the  procurement 
process.  The  main  goal  is  to  gain  control  of  transparency  durability  at  the  point  of 
acquisition  rather  than  through  belated  correction  of  field  problems.  This  can  be 
accomplished  by  applying  validated  durability  test  methodology  to  enforce  required 
product  quality. 
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2.  Methodology/Purpose 

Wright  Laboratory's  Flight  Dynamics  Directorate  began  researching  methods  for  evaluating 
the  durability  of  aircraft  transparencies  in  1 974.  Initial  testing  methodology  exposed  the 
aircraft  transparencies  to  typical  flight  pressures  and  temperatures  by  evacuating  or 
pressurizing  the  cockpit  module,  and  radiant  heating  with  quartz  lamps.  The  cockpit 
module  consisted  of  an  actual  aircraft  fuselage  to  insure  that  the  transparencies  were 
subjected  to  proper  boundary  conditions. 

The  structural  use  of  composite  and  piastic  materials  in  aircraft  has  increased  over  the 
years.  These  materials  have  a  broad  range  of  coefficients  of  absorption  and  reflectivity 
versus  wavelength,  which  caused  the  results  of  tests  using  standard  radiant  heating 
techniques  to  be  questioned.  Radiant  heating  of  laminated  transparencies  caused 
premature  debonding  at  interlaminar  boundaries,  as  each  layer  was  affected  differently  by 
the  radiant  energy  from  the  lamps.  Under  actual  conditions,  the  heat  transfer  is  mainly 
conducted  from  the  outer  surface  through  the  transparency's  thickness. 

The  need  to  develop  a  method  of  testing  aircraft  transparency  lifetime  durability  with 
respect  to  thermal  and  pressure  loads  in  a  more  realistic  simulation  of  actual  conditions  led, 
in  1978,  to  the  start  of  Work  Unit  No  24010508,  Convection  Heating  Technology  for 
Structural  Testing.  7  nis  development  began  with  the  concept  of  a  one-loop  system  utilizing 
a  single  thermal  conditioning  unit  upstream  of  the  test  section  and  eventually  grew  into  a 
system  utilizing  two  independent  thermal  conditioning  loops  and  a  dependent  test  loop. 
This  system,  called  the  Convection  Heat  Test  Facility  (CHTF),  was  developed  to  prove  the 
concept  of  durability  testing  using  convective  heat  transfer.  Transparencies  for  the  F-1 6 
and  F-1 1 1  were  successfully  tested  in  this  system  between  1 980-1 987. 

3.  Facility  Description 
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considerations  in  1 987,  The  new  facility  was  designed  to  overcome  the  limitations  of 
original  setup.  The  new  design  increased  thermal  efficiency,  minimized  pressure  losses  in 
the  system  and  turbulence  in  the  test  section,  and  surpasses  the  performance  and 
capabilities  of  the  original  system.  The  maximum  temperature  rating  is  1000  °F,  and 
minimum  is  -100  °F.  The  design  maximum  rate  of  change  for  the  surface  temperature  of 
the  glass  is  5  0  F/s. 


The  methodology  used  to  guide  the  facility  is  based  on  attempting  to  recreate  flight 
temperatures  and  loads  experienced  by  the  transparencies.  To  do  this,  the  external 
transparency  temperature  is  controlled,  as  well  as  the  interior  air  temperature  and  interior 
air  pressure  (and  vacuum).  Each  of  these  parameters  has  an  associated  set  of  centralized, 
computer-controlled  hardware,  and  some  independently  controlled  hardware.  The 
external  surface  temperature  control  system  has  five  subsystems  dependent  on  the  central 
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Vax  and  no  independent  hardware.  The  internal  air  temperature  control  system  has  two 
dependent  subsystems  and  one  associated  set  of  independent  hardware.  The  internal 
pressure  control  system  has  three  dependent  subsystems  and  two  associated  sets  of 
independent  hardware. 


The  centralized  computer  resource  is  a  Vax  4200  with  32  megabytes  of  RAM  and  700 
megabytes  of  hard  disk  storage.  An  ADAC  expansion  bus  controls  all  output  signals,  and 
all  input  signals  are  through  a  NEFF  470  signal  conditioning  unit. 

The  external  surface  temperature  is  controlled  by  passing  hot  or  cold  air  through  the  test 
section.  Air  flow  in  the  facility  is  through  two  independent  loops  (hot  and  cold  thermal 
conditioning  loops)  and  one  dependent  loop  (test  section).  The  test  section  contains  the 
transparencies,  mounted  in  a  sealed  cockpit  fuselage,  and  a  shroud  that  covers  the  cockpit 
and  forms  a  closed  loop  system.  The  shroud  is  unique  for  each  aircraft  tested  and  is 
designed  to  provide  for  a  1 0%  per  linear  foot  decrease  in  the  cross-sectional  area  of  the 
airstream,  providing  for  a  more  realistic  front-to-rear  temperature  distribution  over  the 
surface  of  the  transparencies.  The  ductwork  is  made  of  10  gage  24"  diameter  stainless 
steel.  Air  flow  is  provided  by  two  variable  speed,  low  pressure  centrifugal  fans  which 
comprise  the  first  two  dependent  subsystems  of  the  external  temperature  control  loop. 
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Each  fan  provides  continuously  variable  airflow  from  12,000  to  24,000  CFM  at  the 
extreme  service  temperature  for  each  loop.  The  fans  use  variable  speed  (frequency 
control)  motors.  The  Vax  outputs  1-10  volts  through  an  ADAC  card  to  adjust  the  speed. 
A  proximity  switch  on  each  fan  measures  the  speed,  and  feeds  back  a  1-10  volt  signal  into 
the  Vax  through  the  NEFF  470. 

The  third  dependent  subsystem  of  the  external  temperature  control  loop  is  the  Hot  Loop 
SCRs.  The  Hot  Loop  continuously  circulates  air  at  temperatures  up  to  1000  °F.  The  air  is 
heated  by  six  60  kW  resistance  type  duct  heaters.  The  heaters  are  controlled  by  two  300 
amp,  480  v  SCR  controllers.  The  0-5  volt  drive  for  the  SCRs  is  generated  by  the  Vax 
microcomputer  through  an  ADAC  card.  Feedback  to  the  Vax  is  provided  by  averaging 
three  J-type  thermocouples  probes  inserted  into  the  ducting.  The  setpoint  for  the  Hot 
Loop  is  approximately  20%  to  40%  higher  than  the  maximum  surface  temperature 
required,  dependent  upon  the  maximum  temperature  rise  rate  required.  The  Hot  Loop 
will  follow  a  profile  loaded  into  the  Vax  so  that  more  (or  less)  heat  is  available  as  required 
by  the  mission  profile. 


The  Cold  Loop,  the  fourth  dependent  subsystem  of  the  external  temperature  control  loop, 
continuously  circulates  air  at  temperatures  as  low  at  -100  °F.  Liquid  nitrogen,  supplied  by  a 
local  1 1 ,000  gallon  dewar,  is  injected  into  the  airflow  immediately  downstream  of  the  Cold 
Loop  fan  to  coo!  the  loop.  A  two  inch  cryogenic  globe  valve  is  operated  by  a  0-5  volt 
control  signal  generated  by  the  Vax  microcomputer  through  an  ADAC  card  to  maintaining 
the  loop  temperature.  Three  T-type  thermocouple  probes  insetted  into  the  airstream  are 
averaged  for  control  feedback.  The  setpoint,  for  the  Cold  Loop  is  approximately  20  CF  to 
50  °F  lower  than  the  minimum  surface  temperature  required,  dependent  upon  the 
maximum  temperature  fall  rate  required.  The  Cold  Loop  follows  a  profile  loaded  into  the 
Vax  so  that  more  (or  less)  cooling  capability  is  available  as  required  by  the  mission  profile. 

Six  sets  of  24-inch  opposed  louver  valves  control  the  airflow,  three  on  each  thermal 
conditioning  loco.  The  first  allows  for  airflow  into  thp  test  section,  the  second  controls  the 
bypass  section,  and  the  third  allows  returning  airflow  to  enter  the  thermal  conditioning 
loop.  These  valves  are  the  fifth  and  final  dependent  subsystem  of  the  external  temperature 
control  loop  which  consists  of  two  parts:  controlling  valve  movement  and  determining 
valve  position.  In  order  to  control  valve  movement,  each  valve  has  a  resolver  that  reads 
valve  position  and  outputs  a  corresponding  0-1000  hertz  analog  signal  on  a  10  volt  carrier 
wave  to  an  Autotech  valve  position  unit,  which  outputs  0-900  millivolts  to  the  Vax.  The 
Vax  sends  out  ±10  volts  from  an  ADAC  card  to  an  AC/DC  servo  amp  which  drives  a  5 
horsepower  DC  motor  to  move  the  valve.  Valve  position  is  calculated  by  the  Vax  based 
on  feedback  from  T-type  ribbon  thermocouples  on  the  surface  of  the  canopy. 


The  cockpit  interior  temperature  is  controlled  so  that  the  transparencies  experience  the 
correct  through-the-thickness  thermal  gradient.  The  interior  temperature  control  loop  has 
two  dependent  subsystems  and  one  independent  associated  set  of  hardware.  The 
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temperature  extremes  required  to  simulate  extended  exposure  to  both  hot  and  cold 
runway  cockpit  temperatures  necessitated  using  5  kW  duct  heaters  and  gaseous  nitrogen 
instead  of  the  prior  unit,  a  conventional  air  conditioning  coil,  to  cool  the  cockpit.  Four,  10 
inch  DC  fans  provide  for  3800  cfm  of  air  circulation. 

The  heaters  are  controlled  by  one  100  amp,  480  volt  SCR  controller  which  the  Vax  drives 
with  a  0-5  volt  signal  from  an  ADAC  card.  The  gaseous  nitrogen  is  controlled  by  a  1  inch 
cryogenic  ball  valve,  operated  by  a  0-5  volt  control  signal  generated  by  the  Vax.  These 
two  dependent  subsystems  use  three  T-type  thermocouples  suspended  in  the  cockpit  to 
provide  feedback  to  the  Vax. 

The  nitrogen  is  fed  from  a  one  inch  line  from  a  local  1 1,000  gallon  dewar,  and  goes 
through  an  independent  heating  manifold  prior  to  entering  the  cockpit  to  insure  that  the 
nitrogen  is  gaseous.  A  thermocouple  reads  the  temperature  in  the  manifold,  and  trips  a 
relay  to  activate  a  bank  of  10,  1 500  watt  nichrome  heater  lamps  as  long  as  the  gas 
temperature  remains  below  -280  °F. 

The  transparencies  are  subjected  to  a  net  pressure  loading  based  on  the  calculated  net 
dynamic  pressure  loading  from  cockpit  pressurization,  altitude,  and  aircraft  velocity  at  that 
point  in  the  profile.  The  pressure  load  is  applied  by  evacuating  or  pressurizing  the  cockpit 
as  necessary.  The  cockpit  pressure  control  loop  consists  of  three  dependent  subsystems 
and  two  associated  set  of  independent  hardware. 

The  air  compressor,  rated  for  a  continuous  duty  cycle  at  125  cfm  at  120  psig,  maintains  a 
640  gallon  air  reserve  at  105  psig.  The  vacuum  pump,  rated  at  475  cfm  at  24  inHg, 
maintains  a  200  gallon  vacuum  reserve  at -14.7  psig.  These  two  independent  subsystems 
are  both  connected  to  the  cockpit  fuselage  section  by  a  single  two  inch  pipe,  the  pressure 
feed  line. 

The  pressure  and  the  vacuum  lines  each  have  individual  two-inch,  normally  closed  globe 
valves,  driven  by  a  4-20  milliAmp  signal  generated  by  an  ADAC  card  in  the  Vax.  Two 
LVDT  transducers,  reading -2  to  +15  psig,  output  0-30  millivolts  to  provide  feedback  to 
the  Vax.  The  pressure  and  vacuum  line  valves  are  positioned  prior  to  the  junction  where 
the  individual  pressure  and  vacuum  lines  tee  into  the  pressure  feed  line.  These  two 
dependent  subsystems  are  controlled  to  follow  the  pressure  profile  appropriate  to  the 
mission  loaded  into  the  Vax. 

The  cockpit  also  has  two  two-inch  vent  lines  that  are  open  to  the  atmosphere.  The  vent 
lines  are  controlled  by  two-inch  normally  open  globe  valves  driven  by  4-20  milliAmp  signals 
generated  by  an  ADAC  card  in  the  Vax.  The  vent  lines  allow  the  control  system  to 
compensate  for  the  pressure  fluctuations  caused  by  the  use  of  gaseous  nitrogen  to  cool  the 
cockpit,  and  to  provide  for  emergency  dump  capability  for  pressure  in  the  cockpit.  Also, 
the  pressure  feed  line  has  a  two-inch,  normally  closed  ball  valve  to  allow  for  additional 
emergency  venting.  It  is  controlled  by  the  abort  circuitry  (discussed  below)  and  opens 
immediately  whenever  an  abort  relay  is  tripped. 
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The  Vax  monitors  all  data  channels  ten  times  each  second,  and  alerts  the  Test  Operators  if 
any  critical  test  parameters  are  deviating  from  normal  conditions.  Critical  test  parameters 
are  defined  as  those  measured  conditions  directly  affecting  the  test  article,  namely  the 
external  surface  temperature,  the  cockpit  air  temperature,  and  the  cockpit  pressure.  The 
Vax  will  show  three  levels  of  error:  follow,  warning,  and  abort.  Following  errors  indicate 
that  the  control  channel  is  experiencing  small,  acceptable  variations.  Warning  errors 
indicate  that  the  control  channel  is  experiencing  conditions  that,  if  sustained,  may 
jeopardize  the  validity  of  the  test.  Abort  level  error  is  triggered  to  prevent  damage  to  the 
test  articles. 

When  a  critical  test  parameter  reaches  abort  level,  the  control  system  engages  a  digital 
dump  which  trips  a  relay,  engaging  the  abort  circuitry.  The  abort  circuitry  sends  a  five  volt 
signal  to  open  the  dump  valve  on  the  pressure  feed  line  and  cuts  all  drive  signals  to  the 
pressure  control  subsystems,  closing  the  pressure  feed  valves  and  opening  the  vent  valves. 
The  control  system  automatically  begins  to  ramp  the  internal/externai  temperatures  to  a 
safe  level  (70  °F).  If  the  control  system  cannot  do  this  automatically,  the  Test  Operators 
can  engage  Manual  Control  Circuitry,  which  immediately  disconnects  all  computer  drive 
signals,  and  manually  adjust  the  drive  signals.  Once  the  test  articles  are  secured,  all 
subsystems  are  set  to  a  dump  condition;  that  is,  they  are  disconnected  from  all  drive 
signals,  computer  and  manual. 

Two  thirty-two  channel  data  loggers  act  as  a  redundant  data  system.  The  data  loggers  have 
relays  which  can  activate  the  Facility  Control  Console  safety  circuitry.  The  pressure  system 
has  a  mechanical  Dwyer  set  to  -1  /■>!  psig  to  act  as  an  independent  redundant  dump 
system. 

Due  to  the  amount  of  data  being  monitored,  it  is  only  recorded  every  ten  seconds. 
However,  the  last  100  data  points  for  28  critical  data  channels,  representing  the  last  ten 
seconds  of  testing,  are  saved  separately  in  case  of  an  abort.  This  allows  for  detailed 
examination  of  the  final  conditions  that  led  to  the  abort. 

4.  Summary  of  Past  Test  Resuits 

The  F-1 6A  began  pressure  fatigue  cycle  testing  in  February  1 980  and  continued  until 
August  1 980,  when  preparations  were  made  to  begin  full  scale  flight  test  simula;ion.  Full 
scale  testing  began  in  conjunction  with  runway  soak  and  ultraviolet  conditions  in  April 
1982  and  ended  in  August  1983.  The  previously  unreported  failure  mechanisms  that 
occurred  in  this  test,  cracking  of  the  acrylic  ply,  began  to  show  up  in  the  field  within  one 
year,  showing  the  applicability  of  the  convective  heat  test  method. 

The  F-1 1 1  transparency  began  full  scale  flight  test  simulation  in  August  1 985  and  ran 
through  September  1987.  At  this  time,  due  to  space  constraints  and  growing 
requirements  for  other  test  programs,  the  facility  was  moved  from  inside  Building  65  to 
Building  68. 

After  the  new  facility  became  fully  operational  in  May  1 990,  the  final  set  of  F-1 1 1 
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transparencies  was  tested.  These  tests  continued  through  September  1990.  All  F-1 1 1 
tests  showed  a  good  correlation  to  field  service  failures.  One  particular  test  article 
experienced  a  large  growth  in  delaminations,  especially  after  high-speed  missions.  A  limited 
number  of  similar  transparencies  test  were  flown  in  Upper  Heyford  and  Lakenheath, 
England,  and  were  removed  after  as  few  as  100  hours  for  delaminations.  The  crew  chief 
confirmed  that  he  first  noticed  the  delamination  upon  the  aircraft's  return  from  a 
high-speed  mission. 

The  B-1 B  transparency  underwent  full-scale  flight  test  simulation  from  June  1 99?.  through 
January  1993.  Both  pilot  and  copilot  production  and  prototype  transparencies  were 
tested.  None  of  these  transparencies  experienced  the  delamination  problem  to  the  extent 
as  reported  on  aircraft  in  the  field.  This  test  and  its  ramifications  will  be  more  fully 
discussed  in  the  next  section. 

Currently,  the  F-1 6  transparencies  are  undergoing  durability  testing.  Testing  of  the  F-1 6 
began  in  August  1993  and  is  scheduled  to  go  through  November  1994. 

5.  B-1B  Test  Results 

B-1B  full-scale  durability  testing  was  conducted  at  Wright-Patterson  AFB  from  16  Jun  1992 
to  29  Jan  1 993.  The  results  of  the  full-scale  testing  are  inconclusive,  since  the  failure 
mechanism  most  common  in  the  field  (delamination  between  the  polycarbonate  structural 
layer  and  the  exterior  glass  ply)  was  not  the  cause  for  removal  tor  either  of  the  production 
windshields  or  either  prototypes. 

After  the  conclusion  of  the  full-scale  testing,  representatives  from  Wl/FIBT  and  WL/FIVR 
met  lo  account  for  the  discrepancy  between  the  test  results  and  the  field  data.  According 
to  B-1  B  Improved  Windshield  Development:  Volume  I,  Requirements  and  Alternate  System 
Definition  (Clayton  amp  Bouchard,  WL-Tft-9 1-3087),  the  thermally  tempered  outer  glass 
piy  is  responsible  for  the  delaminations  in  the  field  ,  since  the  thermally  tempered  glass 
does  not  conform  exactly  to  the  compound  curvature  of  the  B-1  B  windshield.  The  interior 
stresses  caused  by  this  enforced  displacement  from  the  natural  position  of  the  glass  ply 
were  found,  using  finite  eiement  analysis,  to  be  greater  than  the  ultimate  strength  of  the 
silicone  interlayer.  Changing  the  outer  ply  to  chemically  tempered  glass,  which  can  be 
more  easily  formed  to  match  the  compound  curvature  of  the  polycarbonate  structural  ply, 
was  the  recommended  solution  and  was  implemented  on  all  prototypes.  This  theory 
would  indicate  that  delamination  was  mainly  a  function  of  time,  which  could  very  possibly 
be  accelerated  by  the  induced  thermal  and  mechanical  stresses  inherent  to  the  fuil-scale 
testing  environment.  The  results  of  the  full-scale  testing,  however,  do  not  reinforce  this 
assertion. 

The  production  B-1B  windshields  in  the  field  exhibited  lifetime  of  six  to  eighteen  months, 
where  one  year  is  equivalent  to  350  flight  hours.  However,  the  production  windshields 
tested  in  the  full-scale  facility  did  not  experience  any  delamination  greater  than  W  deep 
and  ?4"  wide  until  well  into  the  third  simulated  year  of  testing  (917  hrs  total  simulated 
flight  time).  The  deiaminations  occurred  only  after  the  decision  was  made  to  attempt  to 
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increase  the  presence  of  humidity  on  the  test  articles.  This  was  accomplished  by  cutting 
the  edge  sealant  back  to  expose  the  edge  of  the  copilot  transparency  and  spraying  water 
directly  on  the  exposed  surface  at  each  inspection  (roughly  six  to  eight  hour  intervals). 
After  963  hours  of  simulated  flight,  the  copilot  windshield  experienced  a  delamination 
approximately  W  deep  that  ran  along  most  of  the  lower,  outer  edge.  This  delamination 
showed  no  further  signs  of  growth. 

Neither  prototype  windshield  experienced  any  delamination  and  both  were  removed  after 
607  hours  of  simulated  flight.  The  prototypes  were  not  expected  to  sustain  any  significant 
damage  at  this  point,  based  on  the  results  of  the  baseline  testing. 

6.  Lessons  Learned  from  B-1B  Full-Scale  Testing 

The  lack  of  correlation  between  damage  sustained  by  the  test  articles  and  the  damage 
experienced  by  windshields  in  actual  field  service  indicated  that  either  the  facility  was  not 
exposing  the  test  articles  to  a  condition  (or  conditions)  critical  to  failure,  or  that  the 
facility's  conditions  were  not  severe  enough  to  promote  gross  delamination.  The  latter 
condition  was  dismissed  by  WL/FIVR  personnel,  who  expressed  a  high  degree  of 
confidence  in  the  temperature  range  of  the  flight  profiles. 

The  decision  to  go  ahead  with  full-scale  testing  was  not  preceded  by  much  analysis  or  any 
testing.  Ideally,  the  expected  failure  modes  should  be  listed,  and  the  expected  conditions 
that  cause  such  failures.  Then,  realizing  that  both  methods  have  inherent  strengths  and 
limitations,  coupon  or  full-scaie  testing  should  be  identified  as  the  most  advantageous 
method  with  which  to  continue.  Neither  this,  nor  any  similar  procedure,  was  done  prior 
to  the  R-1 B  testing.  The  lack  of  communication  and  shared  knowledge  between  the 
coupon  and  full-scale  personnel  contributed  greatly  to  the  lack  of  an  orderly  approach. 

7.  Follow-on  B-1B  Testing 

Since  the  conditions  in  the  facility  did  not  cause  the  transparencies  to  delaminate,  various 
possible  synergistic  conditions  were  investigated  through  system  analysis,  literature  surveys 
and  contact  with  the  vendors  for  the  B-1 B  windshields.  The  following  specific  factors  were 
investigated: 

Factor:  UV 

♦  Theory:  Exposure  to  UV  degrades  silicone/glass  adhesion. 

■  One  vendor  reported  testing  the  silicone  layer  after  combined  UV/humidity 
exposure,  and  reported  that  it  did  decrease  the  effective  strength  of  the  interlayer  in 
peel  tests. 

Factor:  A/C  structural  loads  carried  by  transparencies 

♦  Theory:  Torsion/bending  loads  in  A/C  add  shear/tension  forces  to  interlayer. 

*  The  B-1  windshieid  was  originally  designed  to  be  a  load-carrying  member.  This 
requirement  was  later  removed,  but  the  windshield  design  was  not  changed. 
However,  vendors  report  that  the  actual  loads  carried  by  the  transparencies  are 
minimal. 
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Factor:  A/C  vibrations 

♦  Theory:  Harmonics  affect  norma!  stresses  present  in  transparency  interlayers. 

■  No  support  for  this  theory  could  be  found. 

Factor:  Structural  changes  to  B-1 B  test  module 

♦  Theory:  The  test  module  was  modified  from  a  B-1  A  ejection  seat  module  test  fixture, 
and  was  refitted  to  conform  to  B-1  B  structural  specifications  around  the 

transparencies.  However,  the  entire  underside  of  the  module  was  rebuilt  with  3/8"  * 

stainless  steel  to  hold  test  equipment  and  a  6  psi  positive  pressure  load  condition.  This 
considerable  mass  of  metal  did  act  as  a  large  heat  sink,  which  resulted  in  some  unusual  1 

temperature  gradients  across  the  transparency  during  hot  missions. 

■  All  the  non-standard  modifications  were  structurally  removed  from  the  edges  of  the 
frames,  so  the  pressure  load  distribution  applied  to  the  transparencies  should  not 
differ  from  that  in  an  actual  aircraft. 

■  The  temperature  gradients  caused  by  the  heat  sink,  while  not  representative  of 
conditions  experienced  in  flight,  were  not  signif  cant  enough  to  affect  the  interlayer 
directly. 

Factor:  Humidity 

♦  Theory:  Exposure  to  humidity  degrades  silicone/glass  adhesion. 

■  Silicone  adhesion  is  due  to  weak  molecular  forces  and  therefore  resists  absorption  of 
liquid  water  due  to  low  surface  energy,  but  water  vapor  readily  migrates  into  silicone 
elastomers.  Degradation  of  bonds  may  occur  by  hydrolysis  of  siiicon/oxygen  bonds 
or  disruption  of  electrostatic  bonding  sites.  Additionally,  testing  has  shown  that 
water  exposure  caused  a  rapid  reduction  in  peel  strength  with  SS  6569,  a 
conventional  glass  primer  used  by  one  of  the  vendors  initially.  "Silicone  Interlayer 
Adhesion  Characteristics,"  Juengst,  LeMasters,  And  Wang;  WRDC  TR-89-4044 

■  ". . .  humidity  exposure. . .  is  considered  the  most  adverse  environment  for 
interlayer  adhesion."  "Heat  Resistant  Sheet  Interlayer,"  JE  Mahaffey;  AFML  TR-76-54 

a  Failure  mode  in  field  experience  is  adhesive  (between  silicone  and  glass),  not 
cohesive,  indicating  a  degradation  of  the  silicone-primer  bond  or  the  primer-glass 

I - J - I - 4-U 

UUI IU,  Ul  L/VJLI I. 

All  investigations  showed  that  humidity  is  a  major  factor  (if  not  the  main  factor)  in  silicone 

interlayer  degradation.  If  the  B-1  B  delaminations  were  solely  a  function  of  humidity,  this 

would  explain  the  full-scale  testing  results,  but  not  the  depth  of  the  problem  as  reported  in 

the  field.  Cases  were  reported  to  WL/FIVR  where  a  transparency  had  delaminated  in  the 

crate,  awaiting  installation.  These  cases  occurred  early  in  the  cycle,  and  were  never 

wide-spread.  Possible  explanations  for  this  are:  ^ 

Different  primers/adhesives  used  by  manufacturers  during  production  run: 

♦  Increased  capabilities  of  newer  materials  provided  increased  performance. 

♦  All  primers/adhesives  are  proprietary,  and  information  about  changes  is  not  readily  *  ' 

available. 

Thermally  tempered  glass  contours  of  test  articles  more  closely  match  polycarbonate 
structural  ply  contours  of  test  articles: 
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♦  Since  the  test  articles  were  from  the  end  of  the  production  run,  constantly  improving 
techniques  throughout  production  run  decreased  amount  of  deviation  of  glass  contour 
from  polycarbonate  structural  ply  contour. 

Since  no  published  data  exists  in 
the  public  domain  on  the  effects 
of  humidity  on  the  interlayer  of 
*  '  the  B-1 B  transparencies, 

WL/FIBT,  WL/FIVR,  and 
UDRI  decided  to  perform  a 
joint  investigation  using  actual 
B-1  B  transparencies  as  test 
articles.  The  test  will  involve 
pulling  plugs  from  actual  B-1  B 
windshields  so  as  to  test  the 
strength  of  the  silicone 
interlayer/primer/glass  system. 

Multiple  tests  will  be  performed 
on  each  windshield,  allowing  the 
windshield  to  be  exposed  to  a 
progressive  controlled 
heat/humidity  environment.  A  series  of  tests  will  then  show  the  effect  of  humidity 
exposure  over  time  on  the  strength  of  the  silicone  interlayer/primer/glass  system  over 
time. 

3.  F-16  Advanced  Canopy  Coatings  Project 

The  current  full-scale  durability  testing  is  being  conducted  on  the  F-1 6  advanced  canopy 
coatings  project  (in  conjunction  with  the  Mission  Integrated  Transparency  System  -  MITS  - 
project).  The  objective  of  this  test  is  to  evaluate  the  capability  of  three  separate 
muiti-functionai  durable  coatings  systems  to  withstand  pr  essur  e  and  thermal  load  cycling  of 
simulated  F-1 6  a/c  mission  environments.  The  coatings  are  intended  to  protect  the 
polycarbonate  canopy  structure  against  abrasion,  crazing,  and  electrostatic  discharge 
(ESD). 

A  total  of  four  F-1 6  canopies  will  be  tested  in  the  facility.  The  test  articles  include  one 
current  production  F-1 6  canopy  and  three  canopies  with  prototype  durable  coatings.  The 
f  v  current  production  canopy  structure  consists  of  a  bare  acrylic  face  ply  with  a  polycarbonate 
structural  ply  and  a  gold  solar  coating  on  the  inside  (see  figure  below).  The  first  prototype 
canopy  design  consists  of  a  hard  urethane  flow  coat  on  polycarbonate  with  an  indium  tin 
4  oxide  (ITO)  coating  on  the  inner  ply.  The  second  is  a  conductive  urethane  flow  coat 

applied  to  polycarbonate  with  a  bare  acrylic  inner  ply.  The  third  is  a  soft  urethane  liner  on 
polycarbonate.  These  prototype  designs  were  selected  because  of  their  superior 
performance  in  coupon  scale  testing  (rain  erosion,  abrasion,  craze,  hail  impact,  flex  beam). 
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The  durability  testing  will  subject  the  full-scale  canopies  to  the  pressure  and  thermal  load 
cycling  representative  of  the  F-1 6  a/c  mission  environment.  By  using  a  full-scale  test 
article,  the  effects  of  the  canopy  geometry  and  edge  effects  of  the  frame  are  accounted  for, 
which  is  not  possible  in  coupon-scale  testing.  Previous  F-1 6  full-scale  durability  testing  (in 
1 980)  indicated  that  pressure  and  thermal  cycling  was  a  significant  contributor  to  the 
failure  of  the  older  F-1 6  canopy  designs. 

For  the  first  time,  coupon-scale  durability  testing  will  be  performed  in  parallel  with  the 
full-scale  testing  in  an  attempt  to  further  understand  mechanics  involved  in  the  failure  of 
transparencies  in  the  field.  The  thermal  and  pressure  mission  profiles  will  be  applied  to 
coupon  samples  of  the  prototype  canopies  in  order  to  establish  a  correlation  between 
coupon-  and  full-scale  testing.  In  addition,  half  of  the  coupon  samples  will  be  exposed  to 
ultraviolet  weathering  prior  to  durability  testing.  Coupon-scale  testing  of  the  prototype 
designs  indicated  that  artificial  weathering  (QUV)  was  an  important  factor  in  the 
degradation  of  coating  performance  in  most  the  tests  (rain  erosion,  abrasion,  flex  beam). 

Full-scale  testing  is  scheduled  to  begin  in  early  Aug  1 993.  Each  canopy  will  be  subjected  to 
the  equivalent  of  four  year's  worth  of  flight  time  (approximately  three  months  of  facility 
time).  Testing  should  be  completed  by  Nov  1994.  The  test  methodology  for  the 
coupon-scale  durability  testing  is  still  under  development,  but  actual  testing  should  take 
approximately  three  months  total. 

9.  Facility  Outlook  -  the  Future 

The  mission  of  the  ATDRF  is  to  develop  and  validate  test  methodology  and  criteria  to 
assess  the  service  life  of  a  transparency  system.  To  successfully  carry  out  this  mission, 
several  goals  must  be  met. 
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Short-term  goals: 

♦  Establish  a  standardized  method  for  gathering  field  data  to  verify  mission  profile 
calculations  (temperature  and  pressure).  This  eliminates  the  last-minute  scramble  for 
information  that  can  verify/disprove  any  questionable  calculations. 

♦  Establish  a  standardized  procedure  for  calculating  the  mission  profiles.  Each  test  series, 
thus  far,  has  used  a  different  method  for  calculating  the  temperature  and  pressure 
profiles.  It  is  important  to  first  obtain  valid  aircraft  mission  profiles  and  then  use  the 
proper  analytical  methods  to  obtain  the  test  profiles.  STAPAT  II,  a  transient, 
three-dimensional  aero-thermal  analysis  code,  was  used  to  obtain  the  test  profiles  for 
both  the  B-1 B  and  F-1 6  transparency  tests. 

♦  Establish  a  standardized  procedure  for  determining  the  potential  value  of  testing  a 
transparency  system  in  the  ATDRF.  Full-scale  durability  testing  is  too  costly  and 
time-consuming  to  test  every  new  transparency  system.  There  needs  to  be  an 
established  set  of  criteria  for  determining  if  the  temperature  and  pressure  cycling  could 
potentially  be  a  significant  driver  of  the  failure  of  the  particular  transparency  design. 
This  will  be  based  on  past  experience  of  results  from  similar  designs.  Coupon-scale 
test  methods  are  being  looked  at  to  assist  in  this  determination. 


* 


Long-ter  m  goals: 

*  Develop  a  coupon-scale  durability  test  method  that  correlates  to  the  full-scale  method 
as  we!!  as  the  field  service  life  data,  potentially  eliminating  the  need  for  full-scale  testing. 
Full-scale  testing  is  very  expensive  and,  currently,  transparencies  can  be  tested  only 
one  at  a  time.  A  validated  coupon-scale  durability  test  method  would  save  time  and 
money. 


♦  Increase  efficiency  of  test  preparations  to  minimize  changeover  time  between  tests. 
Currently,  changeover  time  is  about  six  months  between  different  aircraft  windshield 
tests.  The  time  is  used  to  install  the  new  test  stand,  rewrite  control  system  codes,  and 
check  out  system  functions.  To  reduce  the  backlog  of  upcoming  tests,  changeover 
time  can  be  minimized  by  advance  planning  and  preparations. 


Develop  quantitative  cv 


aluation  measures  that  can  be  used  to  evaluate  new 


transparency  designs  independently,  eliminathg  the  need  for  a  current  production 
baseline  test.  The  F-1 6  canopy  test  will  be  the  first  to  utilize  quantitative  techniques 
(haze  index,  optical  distortion,  and  birdstrike)  to  evaluate  and  monitor  transparency 
degradation  in  the  facility. 


♦  Develop  standardized  durability  test  criteria  that  can  be  used  in  the  procurement  of 
transparency  systems.  The  culmination  of  all  durability  efforts  will  be  the  establishment 
of  durability  requirements  to  be  used  in  the  procurement  process  of  aircraft 
transparency  systems. 


10.  Conclusion 

The  Aircraft  Transparency  Durability  Research  Facility  is  a  one-of-a-kind,  state-of-the-art 
R&D  test  facility.  Full-scaie  testing  is  less  expensive  than  test-flying  aircraft,  but  it  is  not 
suited  to  the  variety  of  conditions  applied  to  coupon  testing  (abrasion,  rain-erosion,  etc.). 
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The  development  and  validation  of  durability  test  methodologies  and  criteria  will  lead  to 
the  establishment  of  durability  requirements  for  future  transparency  systems,  but  this  will 
oniy  happen  with  an  integrated  testing  methodology.  The  various  aspects  of  full-scale 
testing  need  to  be  fully  investigated  so  that  future  transparency  research  can  easily  choose 
the  proper  technique  for  the  most  accurate  and  efficient  results. 


REFERENCES: 

Clayton,  K.  I.  and  M.  P.  Bouchard:  "B-18  Improved  Windshield  Development:  Volume  I, 
Requirements  and  Alternate  System  Definition,"  WL-TR-91-3087. 

Juengst,  C,  D.  LeMasters  and  H.  T.  Wang:  "Silicone  Interlayer  Adhesion  Characteristics," 
WRDC  TR-89-4044. 


Mahaffey,  J.  E.;  "Heat  Resistant  Sheet  Interlayer,"  AFML  TR-76-54. 


741 


Full-scale  Test  Sec 


43 


Durability 

Research 

Facility 


PRESSURE  BURST  TESTING  OF  KC-135  CELESTIAL  NAVIGATION  WINDOWS 


T.  J.  Whitney 
D.  R.  Bowman 
University  c?  D 


ayton 


R.  Urzi 

Flight  Dynamics  Directorate 
Wright  Laboratory 


PRESSURE  BURST  TESTING  OF  KC-135  CELESTIAL  NAVIGATION  WINDOWS* 

Thomas  J.  Whitney 
Daniel  R.  Bowman 

University  of  Dayton  Research  Institute 
300  College  Park  Ave. 

Dayton,  Ohio  45469-0110 

Russell  Urzi 
WLIFIVR 

Wright-Patterson  AFB,  Ohio  45433 


ABSTRACT:  The  objective  of  this  work  was  to  contribute  to  the  development  of  a  removal  for  cause 
criteria  for  the  KC-135  celestial  navigation  window  by  investigating  the  relationship  between  service-age  and 
interlayer  burst  strength.  The  testing  conducted  in  this  progrant  included  pressure  proof  testing  of  the  celestial 
window,  and  burst  testing  of  the  PVB  interlayer.  A  suitable  test  system  was  developed  which  could  be  modified  to 
test  other  transparency  systems.  Statistical  analysis  of  the  data  was  performed  to  estimate  confidence  intervals  and 
extrapolate  a  lower  age  limit  below  which  burst  failure  would  not  occur.  A  risk  analysis  based  on  the  test  data  was 
also  conducted. 


INTRODUCTION 

There  have  been  two  catastrophic  in-flig’ni  failures  of  KC-135  celestial  windows,  one  in 
1974  and  one  in  1988.  Each  of  these  failures  has  resulted  in  rapid  decompression  of  the  aircraft 
and  a  fatality.  The  location  of  the  KC-135  celestial  window  on  the  aircraft  is  shown  in  Figure  1. 
The  window  is  a  13"xl5"  glass/PVB/glass  laminate,  see  Figure  2.  No  information  was  obtained 
regarding  the  failure  of  the  first  window  in  1974.  The  cause  of  the  glass  ply  failure  was  unknown 
for  the  1988  failure;  however,  the  cause  of  the  failure  of  the  fail/safe  PVB  ply  was  determined  to 
be  PVB  degradation  and  subsequent  fatigue  cracking  of  the  PVB  at  the  periphery  of  the  window 
[1],  In  1974  an  engineering  change  was  made  to  the  window,  which  consisted  of  changing  the 
bumper  from  PVB  to  a  sealant  and  covering  the  PVB  at  the  edge  attachment  with  a  sealant  Both 
transparency  failures  were  the  pre-1974  design. 

During  the  life  of  the  KC-135,  celestial  windows  have  been  removed  and  replaced  only  if 
they  no  longer  met  the  optical  requirements.  There  is  no  requirement  for  removal  and 
replacement  after  a  given  structural  service  life.  In  December  1988,  for  flight  safety  reasons,  the 
interior  surfaces  of  the  celestial  windows  were  covered  with  an  aluminum  skin  to  prevent 
additional  failures.  Also,  a  directive  was  issued  to  remove  the  celestial  windows  and  replace  them 
with  an  aluminum  plate  as  plates  became  available.  The  celestial  window  failures  coupled  with 
the  high  average  age  of  the  fleet  have  led  to  general  concerns  over  the  effects  of  aging  on 
interlayer  materials'  resistance  to  degradation,  since  there  are  a  number  of  Air  Force  aircraft  with 
windows  of  similar  design  which  may  be  subject  to  similar  degradation  problems. 


*Performed  under  Contract  F33615-90-C-3410  for  the  Flight  Dynamics  Directorate,  Wright 
Laboratory,  Wright  Patterson  AFB,  Ohio. 


While  the  use  of  aluminum  skins  provided  a  short  term  resolution  to  flight  safety  concerns, 
understanding  the  long-term  degradation  of  fail-safe  interlayers  would  allow  use  of  these  (and 
other  similar)  windows  by  specifying  limits  for  their  useful  structural  life.  The  objective  of  this 
work  was  to  contribute  to  the  development  of  a  removal  for  cause  criteria  for  the  KC-135 
celestial  navigation  window  by  investigating  the  relationship  between  service-age  and  interlayer 
burst  strength.  With  this  sttength  vs.  age  data  and  appropriate  limits  for  acceptable  risk,  a 
removal  for  cause  criteria  based  on  structural  durability  can  be  developed. 


TEST  ARTICLES 

Table  1  lists  the  KC-135  celestial  navigation  windows  obtained  for  testing,  and  includes 
manufacturing  dates,  approximate  dates-of-removal,  and  approximate  service  age.  Service  age  is 
defined  as  the  difference  between  date-of -removal  and  date-of-installation,  minus  a  value 
representative  of  the  uncertainty  in  removal  and  installation  dates.  Uncertainty  ranged  from  ±  4.5 
months  to  ±  6  months  depending  on  the  manufacturing,  installation,  removal,  and  shipping  data 
available  for  each  window.  Most  specimens  were  received  with  the  aluminum  plate  still  attached. 
The  amounts  of  adhesive  remaining  on  the  inner  structural  glass  plies  after  plate  removal  were 
considered  small  and  were  thought  not  to  affect  PVB  burst  pressure  results.  Visual  observations 
of  the  pre-test  conditions  of  the  windows  showed  a  number  of  apparent  delaminations  between 
the  PVB  and  the  aluminum  frame  piece  near  the  window  edges  (see  Figure  2).  Large  voids 
(bubbles)  were  also  present  ir.  the  center  portion  of  some  windows,  apparently  between  the  glass 
and  PVR  plies.  Rubbei  sealing  compound  on  the  edge  mounting  surfaces  was  often  peeled  away. 
When  required,  butyl  rubber  strips  were  placed  in  these  locations  to  aid  in  sealing  during  the 
pressure  tests.  With  the  exception  of  the  use  of  butyl  rubber,  no  other  specimen  preparation  was 
performed. 

The  majority  of  specimens  were  manufactured  in  the  mid  1970's,  and  represented  service 
ages  of  roughly  15  years.  Figure  3  shows  the  distribution  of  estimated  service  ages  of  specimens 
used  in  this  study.  Note  that  the  histogram  is  shifted  toward  the  high  service  age  end.  This  shift 
is  a  result  of  the  availability  of  windows  for  testing:  a  far  greater  number  of  "older"  windows 
have  been  removed  since  criteria  for  removal  are  based  on  tire  optical  condition  of  the  window. 


PRESSURE  BURST  TEST  SYSTEM 

The  Pressure  Burst  Test  System,  Figure  4,  was  designed  and  fabricated  specifically  for  this 
test  program.  The  system  consists  of  a  two  test  cells  fabricated  to  match  the  curvature  of  the  left 
and  right  side  KC-135  windows;  a  holding  tank  with  an  impact  resistant  poly  carbonate  lid  in  case 
of  catastrophic  failure;  a  portable  air  pressure  source;  pressure  control  hardware  with  computer 
*  <  controlled  pressurizing  of  the  test  cell;  and  digital  recording  of  pressure  data.  A  video  camera 

was  used  to  record  the  test. 

The  test  article  (celestial  window)  was  mounted  inside  the  two-part  test  cell  against 
1  flanges  that  matched  the  geometry  of  the  transparency  edges.  The  sealed  test  cell  was  placed 
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inside  the  4'x4’  steel  containment  box  for  testing.  The  box  included  a  transparent,  impact  resistant 
polycarbonate  lid  through  which  the  test  was  recorded  on  videotape.  The  system  was  designed  to 
allow  future  expansion  of  capabilities.  The  containment  box  size  can  accommodate  larger  aircraft 
windows  as  well  as  other  test  hardware  such  as  environmental  controls.  Computer  system 
hardware  and  software  can  be  used  to  acquire  any  analog  signal,  such  as  strain  gages  and 
thermocouples,  and  control  numerous  analog  devices. 


TEST  PROCEDURE 

Proof  tests  of  the  windows  in  as-received  condition  and  burst  tests  of  the  PVB  interlayer 
were  conducted  on  each  window  received.  Proof  tests  were  conducted  first  to  assess  the  ability 
of  the  window  as  a  unit  to  withstand  high  pressure.  Pre-test  calculations  indicated  that  the  inner 
structural  glass  ply  should  be  capable  of  withstanding  60  psi.  The  proof  test  cycle  consisted  of  a 
pressure  ramp  to  50  psi  over  5  minutes  (0.167  psi/sec),  a  1  minute  dwell  time,  and  a  de¬ 
pressurizing  ramp  back  to  0  psi  over  5  minutes.  Ramp  times  were  chosen  to  assure  quasi-static 
loading.  Visual  inspections  were  made  before  and  after  each  test. 

If  the  window  passed  the  proof  test  (completed  the  cycle  with  no  pressure  losses),  a  PVB 
interlayer  burst  test  was  conducted.  Loading  of  the  interlayer  was  assured  by  fracturing  the  inner 
glass  structural  ply  prior  to  the  burst  test  A  simple  hammer  blow  on  the  inside  surface  at  a 
comer,  where  the  glass  meets  the  phenolic  edge  material,  resulted  in  a  networks  of  cracks  and 
minimal  local  chipping  (Figure  5).  The  burst  test  cycle  consisted  of  a  ramp  of  0.333  psi/sec  until 
the  interlayer  could  no  longer  hold  pressure,  at  which  point  the  test  was  terminated.  Pre-  and 
post-  test  visual  assessments  of  the  windows  were  made,  including  failure  descriptions  and 
locations. 

Reference  [2]  provides  further  details  on  the  Pressure  Burst  Test  System  and  procedures 
used  in  conducting  the  tests. 


TEST  RESULTS  AND  ANALYSIS 

Table  2  lists  the  results  of  Proof  Tests,  PVB  burst  pressure  for  the  Fail/Safe  Tests,  and 
descriptions  of  the  PVB  failure  modes.  The  failure  modes  ranged  from  small  PVB  tears  near  the 
phenolic  edge  to  "blowout"  of  the  window,  characterized  by  complete  tearing  of  the  PVB 
interlayer  and  large  window  pieces  completely  separated  from  the  frame.  Figures  5  and  6  show 
typical  specimens  after  PVB  failure. 

Figure  7  shows  the  PVB  burst  pressures  as  a  function  of  approximate  service  life.  The 
data  have  been  fitted  with  a  least  squares  linear  regression.  The  99%  and  99.9%  confidence  >  ♦ 

intervals  on  the  burst  pressures  are  also  shown.  The  data  indicate  a  gradual  reduction  of  burst 
strength  over  long  periods  of  time.  In  using  linear  regression  to  characterize  the  data  the 
assumptions  were  made  that  the  trend  in  strength  with  service  age  can  be  accurately  represented 
linearly,  and  that  the  burst  strength  for  a  given  age  can  be  represented  by  a  Normal  distribution.  * 

The  99%  confidence  interval  lower  bound  indicates  the  pressure  below  which,  on  average,  1%  of 


748 


the  windows  in  a  random  sampling  of  a  specific  service-age  will  likely  burst.  In  other  words, 
based  on  the  observed  variance  of  burst  pressures,  it  is  reasonable  to  expect  that  (on  the  order  of ) 
1  window  out  of  100  randomly  selected  windows  will  have  developed  burst  pressures  below  the 
99%  lower  bound. 

For  a  minimum  burst  pressure  of  10  psi,  the  99%  confidence  interval  lower  bound 
extrapolates  to  a  service-age  of  313  months.  Equivalently,  a  313  month-old  window  has  a 
"Failure  Risk"  of  1  in  100  at  10  psi.  For  any  service-age,  a  "Failure  Risk"  at  10  psi  can  be 
a  •*  calculated  by  finding  the  confidence  interval  which  passes  through  10  psi  at  that  service-age. 
Figure  8  shows  the  results  of  these  calculations  for  service-ages  from  0  to  500  months. 

"Failure  Risk"  can  also  be  established  on  a  flight  hour  basis  by  simply  dividing  the  number 
of  flight  hours  at  any  particular  service-age  (A)  into  the  Failure  Risk  (R).  Assuming  an  average  of 
22.92  flight  hours  per  month  (275  per  year).  Flight  Hour  Failure  Risk  (JRFH)  is  given  by 

RpH  ~  (22.92 )(A)  (1) 

The  results  of  this  calculation  are  given  in  Figure  9.  Note  that  the  graph  does  not  include  risk  for 
service  lives  less  than  100  months.  Equation  (1)  results  in  artificially  high  risk  for  short  service 
lives,  since  the  graph  of  Failure  Risk  (R)  vs.  Service  Life  (A)  is  relatively  flat  for  low  service  lives 
(Figure  8)  From  (1),  no  change  in  R  results  in  increasing  RFH  as  A  gets  very  small. 
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Testing  of  KC-135  celestial  navigation  window  fail-safe  interlayers  demonstrated  a 
gradual  reduction  in  pressure  retaining  capabilities  with  increasing  service  life  of  the  window.  The 
following  risk  assessment  was  performed  to  assist  in  the  definition  of  a  removal-for-cause  criteria, 
based  on  service  life,  for  these  windows.  The  risk  assessment  procedure  follows  MIL-STD-882C, 
Military  Standard  for  System  Safety  Program  Requirements. 

Hazard  Severity 

Hazard  severity  categories  are  defined  to  provide  a  qualitative  measure  of  the  worst 
credible  mishap  resulting  from  component  failure.  The  severity  categories  defined  in  MIL-STD- 
882C  are  given  in  Table  3.  Two  previous  in-flight  failures  have  resulted  in  rapid  cabin 
decompression  and  death  of  a  crew  member.  Given  this  history,  pressure  bursting  of  the  PVB 
interlayer  is  considered  Category  I,  Catastrophic. 

♦  Hazard  Probability 

The  probability  that  a  hazard  will  be  created  during  the  life  of  a  transparency  system  can 
be  described  in  terms  of  potential  occurrences  per  unit  of  the  population  of  windows  in  the  field. 

*  <  It  can  also  be  described  in  terms  of  occurrences  per  flight  hour  of  the  fleet.  In  the  pressure  burst 

testing,  linear  regression  analysis  was  used  to  identify  confidence  intervals  for  the  reduction  in 
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burst  strength  with  service  age.  Using  hazard  probability  definitions  suggested  by  MIL-STD- 
882C  [2],  Hazard  Probability  Levels  were  defined  and  are  shown  in  Table  4.  Probability  levels 
were  assigned  based  on  the  proposition  that  more  than  2  failures  per  year  fleet-wide  is  considered 
"Frequent."  The  Failure  Risk  associated  with  2  failures  per  year  is  approximately  5/100  (95% 
confidence  bound).  The  remaining  Hazard  Probability  Levels  were  based  on  decade  or  half¬ 
decade  increments  of  Failure  Risk.  Number  of  Fleet  occurances  and  Service  Ages  were  obtained 
from  Figures  8  and  9.  It  must  be  emphasized  that  the  actual  distribution  of  service-ages  in  the 
fleet  is  not  accounted  for  in  this  analysis.  That  is.  Number  of  Flight-Hour  Occurences  assumes 
that  all  windows  have  service-ages  equal  to  that  given  in  the  Service  Age  column.  For  removal- 
for-cause  criteria  purposes,  this  represents  a  conservative  approach,  since  at  any  given  time,  some 
windows  will  have  service  lives  less  than  than  the  recommended  removal  age.  It  must  also  be 
emphasized  that  the  confidence  bounds,  and  therefore  the  Failure  Risk  and  Service  Age  estimates, 
are  based  on  the  variance  in  burst  pressure  demonstrated  in  actual  pressure  burst  testing. 

Hazard  Risk  Index 

The  Hazard  Risk  Assessment  Matrix  from  MIL-STD-882C  is  shown  in  Tabic  5.  For  the 
Catastrophic  category,  of  which  interlayer  burst  is  a  part,  probability  levels  down  through  Level  C 
(0,1  to  0.5  failures  for  every  1000  windows)  must  be  prevented.  Risk  associated  with  Level  D 
(0.05  to  0.1  failures  for  every  1000  windows)  is  undesirable,  while  risk  associated  with  Level  E  is 
acceptable. 

Rcmoval-for-Cause  Criteria 

Based  on  Tables  3, 4,  and  5,  risk  analysis  indicates  that  requirements  to  preveni  failures 
numbering  0.5  per  1000  service  aged  windows  (0.017  per  100,000  flight  hours)  would  be  satisfied 
by  replacing  the  window  when  service  life  reached  126  months,  or  10.5  years.  A  ten- year  change- 
out  cycle  would  eliminate  Unacceptable  and  Undesireable  risk,  as  estimated  by  the  pressure  burst 
test  results.  Hov/ever,  risk  defined  as  Acceptable  with  Review  would  still  remain. 


CONCLUSIONS  AND  RECOMMENDATIONS 

Currently,  KC-135  celestial  navigation  windows  are  replaced  only  if  the  window  fails  to 
meet  optical  requirements.  Like  many  other  windows  of  this  design,  no  criteria  exist  which 
specify  removal  based  on  likelihood  of  structural  failure  due  to  material  degradation.  This  work  is 
a  first  step  in  establishing  such  criteria.  A  removal  for  cause  criteria  based  on  a  10  psi  minimum 
for  the  0.05%  Failure  Risk  level  would  require  replacement  of  the  window  after  10.5  years  of 
service-age  had  elapsed.  However,  it  must  also  be  recognized  that  this  program  addresses  only 
the  PVB  fail-safe  layer  of  the  window.  For  a  window  blow-out  to  occur,  both  the  inner  and  outer 
glass  plies  must  also  fail.  No  effort  has  been  made  to  assess  the  risk  associated  with  glass  ply 
failure. 


A  planned  changeout  of  10.5  years  represents  a  considerable  reduction  in  risk  compared  to 
current  optical  criteria,  which  may  have  windows  in  service  for  25  years  or  more.  Two  points 


help  to  underscore  this  reduction.  First,  two  catastrophic  failures  have  occurred  in  the  estimated 
13.5  million  flight-hour  life  of  the  fleet  (through  1990).  Therefore,  the  historical  combined  risk  of 
having  a  glass  ply  failure  and  a  PVB  interlayer  failure  occur  simuk-ieously  is  approximately 
0.015/100,000  flight  hours.  The  10.5  year  changeout  has  an  associated  risk  alone  of 
0.017/100,000  flight-hours,  which  is  nearly  the  same  as  the  historical  combined  risk.  The  risk 
associated  with  10.5  year  changeout  is  therefore  conservative.  Second,  as  of  1990,  as  many  as 
110  windows  still  in  the  fleet  had  service  ages  over  22  years  (264  months).  These  parts  were  at  a 
high  risk  for  PVB  failure.  According  to  Table  4,  the  Right-Hour  Failure  Risk  can  be  reduced  by  a 
factor  of  almost  5  (compared  to  264  month-old  parts)  by  removing  parts  at  10.5  years  (126 
months).  This  represents  a  substantial  reduction  in  risk  while  a  maintaining  reasonable  service-life 
over  which  to  spread  replacement  costs. 

In  establishing  a  more  reliable  removal  for  cause  criteria,  other  factors  would  ideally  be 
accounted  for.  While  difficult  to  track,  actual  flight  hours  (rather  than  estimated  or  averaged) 
may  be  a  more  appropriate  parameter  on  which  to  base  a  criteria.  Exposure  to  thermal,  moisture, 
and  chemical  environments  would  be  important  and  should  ideally  be  considered  for  a  true 
understanding  of  degradation  phenomenon.  However,  it  must  be  kept  in  mind  that  the  goal  of  a 
criteria  is  not  to  improve  the  performance  of  a  part,  but  merely  to  indicate  when  the  chances  of 
performance  degradation  increase.  The  degradation  of  the  PVB  burst  strength  appears  to  be 
long-term  phenomenon,  not  a  sudden  decrease  in  performance  which  can  be  traced  to  specific 
causes.  Therefore,  understanding  specific  causes  of  degradation  may  not  be  as  important  as 
knowing  when  the  degradation  will  occur.  In  this  light,  any  further  work  should  be  directed 
toward  additional  support  for  the  observed  trend.  Most  notably,  burst  data  covering  a  wider  and 
more  complete  range  of  service  lives  should  be  obtained  in  order  to  verify  the  trends  and  confirm 
the  extrapolations. 

It  should  be  emphasized  that  the  PVB  in  the  KC-135  windows  provides  a  fail  safe 
component  for  the  windows.  If  the  glass  fails,  the  PVB  is  supposed  to  maintain  structural 
integrity  and  hold  cabin  pressure.  The  testing  reported  in  this  effort  provides  evidence  that  there 
is  a  limited  lifetime  to  this  fail-safe  protection.  It  is  recommended  that  service  life  be  limited  for 
this  type  of  window.  Other  similar  windows  should  also  be  investigated. 
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Figure  1.  KC-135  Celestial  Navigation  Window  Location 


Figure  2.  KC-135  Celestial  Navigation  Window  Cross-Section 
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KC-  1 35  Pressure  Durst  Test  System 


Figure  4.  Pressure  Burst  Test  System 
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Specimen  6-H-2-3-56  Showing  Typical  Fracture  of  Inner  Glass  Ply  Prior  to  Burst  Testin 
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Specimen  6-H-2-3-56  Showing  Complete  Separation  of  Window  from  Frame  During  Burst 

Testing 


Figure  5.  Pre-  and  Post-  Burst  Test  Appearance  of  KC-T35  Window 


Specimen  6-H-l  1-9-12.  Typical  Edge  Tear  During  Fail-Safe  Test 
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Specimen  83-II-6-20-210.  Typical  Complete  PVB  Tear  During  Fail  Safe  Tests. 
Figure  6.  Typical  PVB  Interlayer  Failures 
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Burst  Pressure  (psl) 


KC-135  PVB  Burst  Strength  Resuits 


Figure  7.  Reduction  in  PVB  Burst  Strength 


Effect  of  Service  Age  on  PVB  Failure  Ffisk 
(for  failure  at  10  psi) 


Table  1.  KC-135  Celestial  Window  Inventory 


UD# 

USAF# 

UR 

DATE 

of 

MANUFACTURE 

DATE 

of 

REMOVAL 

DATE 

of 

SHIPMENT 

LIFESPAN 

(Months) 

PVB  Burst 

(psi) 

BB 

6-H-8-21  -30 

R 

Aug-76 

May-91 

168 

54  1 

fw 

6-H-11-9-12 

R 

Nov-76 

May-91 

165 

82 

6-H-2-11-31 

R 

Feb-76 

May-91 

174  I 

81 

Efl 

88-H-1 2-1 2-027 

R 

Dec-86 

May-91 

44 

99.6 

5 

6-H-6-14-13 

Ilfs 

Jun-76 

May-91 

170 

41 

6 

83-H-6-20-335 

Jun-83 

Jul-90 

77.5 

86.4 

87-H-03-09-1 69' 

Burst  Tested  as  Window  #43  Below 

71 

6-H-12-11-17 

R 

Dec-76 

May-91 

164 

55 

9 

6-H-5- 13-52 

R 

May-76 

Jun-91 

172 

50 

10 

6-H  12-11-11 

Burst  Tested  as  Window  #44  Below 

72 

11 

6-H-2-12-132 

L 

Feb-76 

Jul-90 

165.5 

64 

12 

6-H-2-3-56 

l 

Feb-76 

Jun-91 

176.5 

44 

13 

6-M-8-2-1 2 

l 

Aug-76 

May-91 

169.5 

60.1 

14 

86-H-09-22-583 

L 

Sep-86 

May-91 

48.5 

61.8 

15 

6-H-1 2-1 7-93 

L 

Dec-76 

Nov-90 

158 

59.6 

16 

8-H-1 -06-88 

L 

Jan-78 

May-91 

151 

58 

17 

6-H-1 2-6-1 01 

L 

Dec-78 

May-91 

140 

42 

16 

83  H-6-20-204 

L 

Jun-83 

Oct-90 

80.5 

98 

19 

6-H -2-3-58 

L 

Feb-76 

May-9l 

174 

60 

20 

6-H-4-1-56 

L 

Apr-76 

May-91 

173.5 

35 

21 

84-H-8-20-469 

L 

Aug -84 

Mar-91 

70 

73 

22 

#2  (NO  SN) 

May-91 

- 

67 

23 

7-ri- i  2-07-5 1 

L 

DwO-77 

May-91 

152 

54 

24 

#1  (NO  SN) 

L 

Jan-00 

Nov-90 

- 

72 

25 

5-H-2-20-1 1 

L 

Mar-75 

May-91 

186 

78 

26 

#3  (NO  SN) 

May-91 

- 

66 

27 

6-H-6-18-51 

L 

Jun-76 

Jan-92 

179.5 

60 

28 

8-H-1 -06-85 

L 

Jan-78 

Dec-92 

171.5 

48 

29 

7-H-1 1-02-10 

L 

Nov-77 

Dec-92 

173.5 

44 

30 

83-H-6-20-21 0 

L 

Jun-83 

Dec-92 

106.5 

50 

31 

6-H-1 2-6-98 

L 

Dec-76 

Dec-92 

183 

68 

32 

8-H-1 -06-71 

L 

Jan-78 

Dec-92 

171.5 

77 

33 

6-H-1 2-1 1-00 

R 

Dec-76 

Dec-92 

184.5 

52 

34 

6-H-1 1-9-41 

R 

Nov-76 

Oct-92 

183.5 

64 

35 

6-H-1 1-9-37 

R 

Nov-76 

Dec-92 

185.5 

76 

36 

6-H-5-14-38 

R 

May-76 

Dec-92 

191.5 

70 

37 

4-H-12-19-104 

L 

Dec-74 

Dec-92 

208.5 

92 

38 

6-H-12-11-15 

R 

Dec-76 

Dec-92 

184.5 

64 

39 

4-H-1 2-1 9-90 

R 

Doc-74 

Dec-92 

208.5 

66 

40 

5-H-1 -29-40 

R 

Jan-75 

Dec-92 

207.5 

84 

41 

8-H-1-11-120 

R 

Jan-75 

Sep-92 

168.5 

65 

42 

#4  (NO  SN) 

- 

73 

43 

87-H-03-09-169 

R 

Mar-87 

Never  Installed 

0 

44 

6-H -12-1 1-11 

R 

Dec-76 

Never  Installed 

0 

| 

45 

#5  (NO  SN) 

46 

#6  (NO  SN) 

47 

#7  (NO  SN) 

48 

#8  (NO  SN) 

1 

•Also  labeled  90-092H9  965 
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Tabled  KC-135  Celestial  Window  Test  Summary 


PROOF  TEST 

CUTER  PLY 

PROOF  and  BURST 

DATE 

DATE 

RESULT 

PVB  Buret 

BUflST 

TEST 

Of 

Of 

■  1 M 

(Mi) 

COMMENTS 

REMOVAL 

SHIPMENT 

6-H-6-2I  -30 

1W 

54 

41 

PVB  leaK  around  edge  at  54  pai. 

May-01 

6-H-1 1-0-12 

165 

62 

46 

PVB  puied  away  from  adga. 

May-61 

6-H-2-11-31 

174 

■ 

61 

Inner  ply  NOT  broken  prior to  buret  taut. 
Catastrophic  (blowout)  failure.  Video  failure 
immaoijtatjr  a!i*r  ?#eL 

May-01 

4 

8641-12-12-027 

44 

p 

09.6 

‘ 

Convreaeor  delay  rvaar  60  pai.  PVB  Nak  near 
edge  at  P6.6  pai. 

May-61 

5 

6-H-6-14-13 

170 

p 

41 

41 

Out-  pY  *id  PVB  puM  away  from  Mp*. 

May-61 

6 

63-H-6-20-335 

77.5 

p 

86.4 

Seal  failure  o*  firet  Proof  Toot.  Paaaed  a  second 
proof  tail  PVB  pukad  away  frem  edge  at  86.4 
pai  during  buret  tee* 

Jut-00 

7 

S7-H-O3-O0-160* 

0 

p 

- 

. 

Buret  Teetad  aa  UD  *43. 

Never  Installed 

e 

C-H-12-11-17 

1M 

p 

55 

- 

PVB  aPga  l*atc 

May-01 

0 

6- H- 5-1 3-52 

172 

F 

48 

* 

Faibd  Proof  teat  at  48  pai.  Catastrophic.  Larga 
t*a>  of  PVB  layer  through  window  owitar 

Jun-61 

10 

8-H-1S.11.il 

0 

P 

- 

Bure*  Taatad  as  UD  844. 

Never  Installed 

11 

ft-H-2-12-132 

165.5 

P 

64 

- 

Cataetrophic  failure  at  64  pa 

Jul-0C 

12 

6-H-2-3-S6 

176.5 

P 

44 

Inhiai  toaa  of  eeaJ  at  42  pai.  Appaarad  to  reaaal 
and  tailed  at  56  pai.  Catastrophic:  complete 
eaparation  of  plate  plaa  from  tram#. 

Jun-01 

13 

6-H-6-2-12 

160  5 

P 

60.1 

- 

PVB  Kipp  iMk  *t  60  pai. 

May-01 

14 

86-H-00-22.5A3 

46.5 

P 

61 -ft 

• 

Catastrophic  fai^re  at  61  pai. 

May-61 

15 

ft-K-t  2-1 7-03 

158 

P 

506 

- 

Catastrophic  failure  at  60  pai 

Nov-90 

16 

6-H-l -06-88 

151 

P 

58 

- 

PVP  edge  leak 

May-61 

17 

6-H-i  2-6-101 

140 

P 

42 

SO 

Outerply  fraepre  dunng  Proof.  PVB  ado# 
rupture  at  43  pai 

May-61 

ie 

63-H-6-20-204 

805 

P 

08 

- 

PV8  edgh  rupture  at  05  pai 

Oct-60 

1C 

6-H-2-3-56 

174 

P 

60 

- 

PVQ  edge  iupt>re  at  60  pai 

May-91 

20 

6-H-4-1-56 

1735 

P 

35 

40 

Outer  ply  fracture  during  Proof.  PVB  adga 
rupture  at  35  pai 

May-61 

21 

64-H-6-2O-460 

7C 

P 

73 

Ccue&oohic  failure  at  73  par. 

Mar-61 

22 

#2  (NO  SN) 

P 

67 

PVB  adoa  rupaire  at  67  pai. 

Mny.pi 

23 

7-H-12-074H 

152 

P 

54 

CatMtmplwc  taikjr*  «  5S  p» 

May-81 

24 

•1  (NO  SN) 

. 

P 

72 

PVB  ad0a  r\*jt;re  a*  72  pai. 

Nov-60 

25 

5-H-2  20-11 

186 

P 

78 

PVB  edge  rupture  at  82  pai. 

May-61 

*v 

~  (NO  SN) 

" 

r> 

*£ 

Inner  end  Outer  jht;  pfy  frsctursd  prier  to  bu-lt 

■M  PVB  «dg«  al  66  p«. 

May-61 

27 

6-H-6-18-51 

170.5 

P 

60 

PVB  edge  nurture  at  60  pai. 

J>n-V2 

28 

6-H-I -06-85 

171.5 

P 

48 

PVB  adga  rupture  U  50  pai. 

Dec-62 

20 

7-H-1 1-02-10 

173.5 

P 

44 

PVB  adga  rupure  at  42  pai. 

0»c-V2 

30 

83-H -6- 20-210 

106.5 

P 

50 

Catastrophic  failure  at  50  pai. 

D-c-92 

31 

6-H-I  2-6-08 

183 

P 

6ft 

Sight  taai  baa  at  45  pei.  PVB  adga  rupture  at  65 
pat 

O-c-BS 

32 

8-H-1  -06-71 

171.5 

P 

77 

PVB  adga  rupfcjre  at  77  pai 

Dac-02 

33 

0H-12-11-O8 

184.5 

P 

52 

PVB  adga  rupture  at  52  pai 

Dec-62 

34 

6-H-1 1-0-41 

183.5 

P 

64 

PVB  adga  njpaire  a*  64  pai. 

Orf-02 

35 

6-H-I  <  -0-37 

1855 

P 

76 

PVB  adga  rupture  at  76  pai 

D#c-62 

36 

J-H- 5-14-38 

101.5 

P 

70 

PVB  adga  rupture  at  70  pai. 

Dec-62 

37 

4-H-12-10-1O4 

208.5 

p 

02 

Praaaure  low  at  60  pai  fi*-*e»led  at  75  pxa  and 
efi  mbed  to  65  pai  before  catastrophic  f  sibre. 

Dec-62 

« 

6-H-12-11-15 

1845 

P 

64 

- 

Ca  tatfrophic  fwlure  at  64  pai. 

Dac-02 

30 

4-H-12  10-00 

208.5 

P 

86 

- 

PVB  adga  rupture  at  66  pai. 

Oac-62 

40 

5-H-1-20-4O 

207.5 

P 

84 

SO 

Inrvar  ply  broken  during  proof  taat.  Window  loat 
praaaure  during  proc4  taat  but  ro-aaaled  and 
ccmpMad  proof  taat.  PVB  adga  rupture  at  64  pai 
during  buret  teat 

Doc-02 

41 

8-H-1  -11*120 

168.5 

P 

65 

- 

Cataatrophicfailura  at  60  pai. 

Sap-02 

42 

#4  (NO  SN) 

- 

P 

73 

- 

PVB  adga  rupture  at  73  p*. 

43 

67-H-O3-O0-16C 

0 

" 

71 

* 

Proof  Taatad  a*  UO  47.  Catastrophic  failure  at 

M  pm 

44 

6-H-12-il.il 

0 

72 

Proof  Taatad  aaUDitO.  Iirtalaeat  loaaat50 
pa  Re  aaafad  hast,  tote-wad  by  PVB  adga  leak 
at  70  pai. 

45 

65  (NO  SN) 

F 

Inner  and  outer  glees  badly  damaged  prior  to 
leaf.  Failed  »«*al  even  with  additional  eeaSng 
(butyl  rubber)  compound. 

46 

*€  (NO  SN) 

F 

Inner  and  outer  gleee  badly  damaged  prior  to 
teat,  rwlad  to  eeai  even  vath  additional  teeing 
(butyl  rubber)  compound. 

47 

•7  (NO  SN) 

F 

Failed  proof  taat  at  SO  pai. 

48 

*6  (NO  SN) 

F 

Inner  and  outer  gleee  badly  damaged.  Failed 

*A*0  labeled  9Q-O02HQ  965 
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Table  3.  Hazard  Severity  Categories 


Description  Category  Definition 


Catastrophic  I  Death,  system  loss,  or  severe  environmental 

damage 


Critical  II  Severe  injury,  severe  occupational  illness, 

maior  system  or  environmental  damage 


Marginal  IE  Minor  injury,  minor  occupational  illness,  or 

minor  system  or  environmental  damage 


Negligible  IV  Less  than  minor  injury,  occupational  illness, 

or  system  or  environmental  damage 


Table  4  Hazard  Probability  Levels  and  Corresponding  Service  Lives 


Fleet 

Level  Description 


Continuously 

experienced 


B 


Will  occur 
several  times 


Unlikely,  but  can 
reasonably  be 
expected  to 
occur 


Number  of 
Occurrences* 


Number  of  Fleet 
Occurrences** 


0.05-0.1 


<0.005 


0.017-0.025 
(0.068- 
0.1  per  year) 


Less  than  0.017 
(<0.068  per  year) 


*  Per  100  windows  in  service. 

**  First  Row:  Per  100,000  flight  hours. 

Second  Row:  Assuming  275  Flight  Hours/Y ear,  1460  windows  in  service 
***  Based  on  Figure  8.  Service  Age  in  Months. 
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Table  5.  Hazard  Risk  Assessment  Index 


\  Probability 

_ Category _ 

Catastrophic 

Critical 

Marginal 

Negligible  1 

1 

2 

3 

n 

BESffiSMI 

B1 

1A 

2A 

3A 

Probable 

B 

IB 

2B 

3B 

fiBSi 

Occasional 

C 

1C 

3C 

;  .-.x,-/  /V;  <V.v  . :-.  >'\ 

f::>. 

Remote 

D 

ID 

:  2D 

$Wto?ttevW'SS^vw|'Sw3SiSW8S»  •,• /Z"V//»X'V>t<' / /  »»>  v.  »/>> 

E 

Hazard  Risk  Index 

Criteria  A 

1A  IB  1C  2A  2B  3A 

Unacceptable  risk  1 

iwammBmm 

Undesirable  risk  | 

WfMlM, 

*. 

[  2  5v&:i*&o>:  :•  J<^.::::  v  y.:  -$v. 

Acceptable  with  review  1 

111 11 

Acceptable  1 

4 
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BIOLOGICAL  VALIDATION  AND  STANDARDISATION  OF 
INTERNATIONAL  BIRDSTRUCE  TESTING  TECHNIQUES 


J.  Alllan 

Central  Science  Laboratory  (MAFF) 

D.  M.  Hamershock 
Flight  Dynamics  Directorate 
Wright  Laboratory 


1 .  Introduction 


Collisions  between  aircraft  and  birds  are  costly  and  potentially  dangerous 
events.  The  US  Air  Force  alone  suffers  some  3,500  birdstrikes  per  year  at 
an  estimated  cost  of  65  million  dollars.  More  seriously,  the  USAF  has  lost 
seven  lives  to  birdstrikes  since  1987  (Merritt  &  Dogan  1992).  Thorpe  r 

(1990a,  1992)  summarises  recent  serious  birdstrike  incidents  involving' 

civil  airliners.  These  include  the  total  loss  of  a  Boeing  737  at  Bahar 
Dar,  Ethiopia,  in  1988  which  left  35  passengers  dead  and  27  seriously 
injured.  A  total  of  96  passenger  lives  have  been  lost  in  birdstrike 
related  incidents  since  1960  (Thorpe  1990b) .  v  4 

A  great  deal  of  research  effort  is  put  into  improving  the  performance  of 
aircraft  components  either  by  developing  new  designs  or  incorporating  new 
materials  into  existing  assemblies.  For  reasons  of  safety,  the  performance 
of  such  new  designs  and  materials  in  withstanding  birdstrike  damage  needs 
to  be  evaluated.  Many  aircraft  components  are  therefore  required  to  pass 
certification  tests  before  being  allowed  into  service.  Such  tests  involve 
maintaining  a  certain  level  of  performance  following  impact  with  a 
specified  number  of  birds  of  a  given  weight.  Most  manufacturers  undertake 
preliminary  tests  using  dummy  birds:  cylinders  or  spheroids  made  of 
gelatin.  Dummy  birds  have  a  number  of  advantages  for  the  testing  process. 

They  are  continuously  available,  of  identical  mass  shape  and  density,  are 
clean  in  use  and  do  not  involve  killing  of  birds  for  testing  (Deveaux 
1992) . 

The  number,  mass  and  density  of  the  real  and  dummy  birds  used  in 
certification  testing  is  the  subject  of  continued  debate  (Deveaux  1992) . 

There  are  no  regulations  on  the  species  of  birds  that  are  used  in  testing; 
nor  on  the  size,  shape  or  density  of  dummy  birds.  This  has  resulted  in 
different  companies  employing  a  wide  variety  of  bird  species  for  their 
tests.  Birds  as  diverse  as  Herring  Gulls  {La rus  argentatus) ,  Mallard  Ducks 
( Anas  platyrhynchos) ,  Canada  Geese  IBranta  canadensis) ,  Quails  (Colxnvs 
sp.).  Pheasants  (Phasianinae) ,  Plover  species  ( Chacadriidae) ,  and  domestic 
ducks  and  chickens  have  all  been  employed.  Similarly,  the  size  and  shape 
of  dummy  birds  vary  from  cylindrical  to  spheroid  and  differing  densities 
of  gelatin  are  used.  It  is  unclear  whether  the  bird  species  used  in 
birdstrike  tests  are  representative  of  those  struck  in  operation  in  terms 
of  their  size,  shape  and  density  or,  indeed,  whether  the  different  bird 
species  and  dummy  birds  used  by  various  companies  are  comparable  with  each 
other. 

In  the  aeroengine  field,  the  advent  of  the  large  high  bypass  ratio  (HBPR) 
engine  and  the  increasing  use  of  'big  twin'  airliners  for  transatlantic 
travel  have  resulted  in  proposals  to  increase  the  weights  cf  the  medium 
and  large  sized  birds  used  in  tests  from  1.5  and  41bs  to  2  and  81bs 
respectively.  These  proposals  prompted  Bolls  Royce  Aeroengines  pic.  and 
the  U.K.  Civil  Aviation  Authority  to  commission  research  from  the  Central 
Science  Laboratory,  Ministry  of  Agriculture  Fisheries  and  Food  (CSL)  into 
the  flocking  habits  and  flock  structures  of  different  bird  species.  The 
work  was  designed  to  determine  the  true  probability  of  encountering  a 
given  number  of  birds  during  a  strike  with  a  particular  species.  These 
data  are  independent  of  reporting  biases  present  in  birdstrike  databases,  . 
and  can  be  used  to  help  determine  the  numbers  and  weights  of  birds  used  in >  * 

certification  tests. 

At  the  same  time,  research  was  being  conducted  in  the  USA  by  the  USAF 
Wright  Laboratory  and  the  US  Department  of  Agriculture  into  the  mass, 
shape  and  density  of  wild  birds.  The  work  was  designed  to  determine  »  * 
whetner  domestic  chickens  used  in  windshield  testing  were  representative 
of  the  bird  species  being  struck  in  operation  by  the  USAF.  The  data  were 
also  to  be  used  to  determine  wnether  dummy  birds  used  in  preliminary  tests 
were  of  a  comparable  shape  and  density  to  wild  birds. 
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Rolls  Royce  also  have  an  interest  in  the  development  of  dummy  birds  for 
use  in  engine  testing.  They  have  found  that  the  results  obtained  from 
tests  with  real  birds  are  more  variable  than  those  from  preliminary  tests 
with  dummies.  CSL  was  commissioned  to  study  the  structure  and  tissue 
density  within  bird  bodies  in  order  to  investigate  this  phenomenon.  Three- 
dimensional  computer  reconstructions  of  bird  bodies  were  developed  to 
determine  the  mass,  shape  and  density  of  the  slices  cut  through  a  bird's 
body  by  turbine  blades  during  a  birdstrike.  These  data  can  be  used  to 
compare  slice  densities  from  wild  birds  with  those  from  domesticated 
species  used  for  engine  testing.  They  also  allow  density  of  dummy  birds 
used  for  preliminary  tests  to  be  related  directly  to  slice  densities 
likely  to  be  encountered  in  operation. 

Preliminary  findings  from  the  three  studies  described  above  have  generated 
considerable  interest  from  both  manufacturers  and  the  regulatory 
authorities.  It  was  therefore  decided  to  develop  a  research  program  that 
would  combine  the  three  projects  in  order  to  provide  the  data  needed  to 
validate  biologically  the  test  procedures  currently  used,  and  on  which 
future  test  criteria  could  be  set.  The  research  has  the  following 
objectives : 

1)  To  identify  the  bird  species  which  pose  the  moat  problems  to  the 
aviation  industry  world- wide. 

2)  To  measure  the  shape,  mass,  volume  and  hence  density  of  these  species 
and  to  compare  these  with  the  bird  species  and  dummy  birds  currently  used 
in  birds trike  testing. 

3)  To  determine  how  internal  density  is  distributed  for  each  species  and 
calculate  the  size,  mass  and  density  of  slices  cut  by  turbine  blades 
passing  through  the  body  at  different  angles. 

4)  To  measure  the  three-dimensional  structure  of  flocks  of  these  species 
so  that  the  probability  of  striking  a  given  number  of  birds  can  be 
estimated. 


2 .  Methods  and  preliminary  results 

The  development  of  the  techniques  to  be  used  in  this  project  has  been 
carried  out  by  CSL,  USAF  and  USDA  under  a  variety  of  research  contracts. 
The  methods  to  be  used  to  achieve  objectives  1  to  4  are  outlined  below 
and,  where  commercial  considerations  permit,  examples  of  the  preliminary 
data  obtained  are  given. 

2 . 1  Identification  of  the  bird  species  causing  the  greatest  problems  to 
aviation  world-wide. 

In  order  to  evaluate  which  species  merited  further  study,  it  was  necessary 
to  identify  the  species  most  frequently  involved  in  birdstrikes,  those  of 
relatively  high  weight,  and  those  most  often  involved  in  multiple  impacts. 
It  was  important  to  ensure  that  the  datasets  used  were  as  representative 
of  the  true  world  situation  as  possible.  For  this  reason,  a  total  of 
twelve  birdstrike  databases  were  employed.  These  included  US  and  UK 
military  databases,  the  UK  civil  database  and  the  ICAO  international  civil 
database  split  by  region.  These  were  supplemented  by  reference  to 
databases  kept  by  manufacturers,  such  as  Rolls  Royce  and  to  other  sources 
of  published  information  where  reporting  standards  were  known  to  be 
reasonably  high. 


Table  1.  The  40  bird  species  ranked  as  most  hazardous  to  aircraft  world¬ 
wide.  See  section  2.1  for  an  explanation  of  the  ranking  method  used  and 
sources  of  data. 


SPECIES 

MEAN 

RANK 

No.  OF 
DATASETS 
WHERE 

FINAL 

RANK 

Larus  axgentatus  (Herring  Gull) 

2. 75 

PRESENT 

8 

1 

Larus  ridibundus  (Black-headed  Gull) 

2.71 

7 

2 

Milvus  aigrans  (Black  Kite) 

4.00 

7 

3 

Anas  platyrhyncos  (Mallard) 

2.33 

3 

4 

Coluaba  paluabus  (Woodpigeon) 

4.67 

6 

5 

Vanellus  vane 1 Jus  (Lapwing) 

6.71 

7 

6 

Coluaba  livia  (Rock  Dove) 

6.33 

6 

7 

Larus  canus  (Common  Gull) 

7.50 

8 

8 

Buteo  buteo  (Buzzard) 

6.  no 

3 

9 

Gyps  bengalensis  (White-backed  Vulture) 

1.00 

1 

10 

Cacatua  roseicapilla  (Galah) 

1  00 

1 

11 

Buteo  jamaicensis  (Red-tailed  Havk) 

2.00 

1 

12 

Larus  aarinus  (Great  Black— backed  Gull) 

6.33 

3 

13 

Hagedashia  hagedashia  (Hadada  Ibis) 

2.00 

1 

14 

Asio  otus  (Long-eared  Ovl) 

3.00 

1 

15 

Corvus  frugilegus  (Rook) 

8.80 

5 

16 

Bubulcus  ibis  (Cattle  Egret) 

6  50 

2 

17 

Coragyps  atratus  (Black  Vulture) 

3.00 

1 

18 

Haematopus  ostralegus  (Oyster catcher) 

4.00 

1 

19 

Corvus  cornix  (Hooded  Crov) 

8.67 

3 

20 

Eaiiastur  indus  (Brahminy  Kite) 

4  00 

1 

21 

Eupodotis  australis  (Australian  Bustard) 

4.00 

1 

22 

Apus  apus  (S*i£t) 

9.75 

4 

23 

Sturnus  vulgaris  (European  Starling) 

11.71 

7 

24 

Burhinus  oedecnimus  (Stone  Curlev) 

5  00 

1 

25 

Bronta  canadensis  (Canada  Goose) 

9.33 

3 

26 

Falco  cenchroides  (Australian  Kestrel) 

5.00 

1 

27 

Asio  ilammeus  (Short-eared  Ovl) 

6.00 

1 

26 

Turdus  merula  (Blackbird) 

9.00 

2 

29 

Phasianus  colchicus  (Pheasant) 

6.00 

1 

30 

Falco  tinnunculus  (Kestrel) 

12.00 

5 

31 

Alauda  arvensis  (Skylark) 

12.50 

6 

32 

Larus  fuscus  (Lesser  Black-backed  Gull) 

10.67 

3 

33 

Cathartes  aura  (Turkey  Vulture) 

9.50 

2 

34 

Vanellus  indicus  (Red-vattled  Lapving) 

6.00 

1 

35 

T  n  ^.4,  _  j_  i  _  _ _ _  /  n  :  _  _  i_  j  i  i  _  «  i  «  * 

x>ux  uciovaAOuaia  vniU^~JJXll6u  kJUJ.  X  } 

10  67 

3 

3b 

Larus  dominicanus  (Kelp  Gull' 

6  00 

1 

37 

Apus  af finis  (House  Svift) 

7  00 

1 

38 

Larus  novaehollandiae  (Silver  Gull) 

11.50 

2 

39 

Gymnorhina  tibicen  (Australian  Bell  Magpie) 

7.00 

1 

40 

)  ' 
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A  ranking  system  was  developed  in  which  each  species  which  constituted 
more  than  1%  of  recorded  strikes  in  and  dataset  was  ranked  by  strike 
frequency,  mass  and  the  proportion  of  the  strikes  involving  multiple 
impacts.  The  mean  of  these  three  ranks  was  calculated  to  produce  a  final 
rank  score  for  each  species.  An  overall  rank  score  was  computed  by  taking 
the  average  final  rank  for  each  species  across  the  twelve  datasets  and 
combining  this  with  a  ranking  based  on  the  number  of  datasets  in  which  the 
species  occurred,  tne  latter  score  reflecting  how  widespread  the  problem 
posed  by  a  particular  species  is.  The  final  table  includes  some  86 
species.  The  top  40  species  are  shown  in  table  1. 

This  ranking  system  gives  equal  weight  to  frequency,  mass  and  proportion 
of  multiple  impacts  in  calculating  the  final  listing.  The  system  can  be 
adjusted  to  give  a  greater  weighting  to  one  or  more  of  these  variables  if 
required.  For  example,  those  interested  in  impacts  with  windshields  may  be 
more  concerned  with  birds  of  high  body  mass,  whilst  those  involved  in 
engine  manufacture  may  give  more  weight  to  species  frequently  involved  in 
multiple  impacts. 

Table  1  shows  that  the  ranking  technique  employed  here  produces  a  species 
list  broadly  in  line  with  current  thinking  concerning  which  species 
constitute  the  greatest  hazard  to  aircraft.  Large,  flocking  species,  e.g. 
gulls  (I.arus  ip.),  identified  by  Milsom  (1990)  es  the  ‘priority  group'  for 
bird  controllers  feature  prominently  in  the  list  as  do  larger  raptors, 
e.g.  kites  ( Milvus  sp.) .  The  presence  of  some  species  (e.g.  the  Galah) 
reflects  the  reporting  biases  inherent  in  datasets  of  this  type  (Thorpe 
1990b) .  The  Galah  features  only  in  the  ICAO  Asian/Australasian  database 
but,  because  of  more  rigorous  reporting  standards  in  Australia  compared  to 
the  rest  of  Asia,  strikes  with  this  species  are  more  often  reported  to 
ICAO.  This  gives  the  impression  that  the  Galah  is  an  important  species 
throughout  Asia  which  is  not  in  fact  the  case  as  it  occurs  only  in 
Australia.  It  is  also  likely  that  similar  reporting  inconsistencies  will 
result  in  species  which  form  a  significant  hazard  in  parts  of  the  world 
where  reporting  standards  are  poor  being  omitted  from  the  list .  Despite 
the  acknowledged  shortcomings  of  such  a  method,  there  are  no  alternative 
means  of  establishing  which  bird  species  are  struck  world-wide. 

2.2  tasaauromeivt  of  whole  body  mass,  volume  and  density 

This  work  has  already  been  accomplished  by  USAF  ara  USDA  staff  on  twelve 
North  American  species  (Hamer shuck  et.  al .  1993).  Ten  individuals  of  each 
species  were  obtained  and  the  total  length,  wingspan  ana  body 
circumference  at  the  widest  point  measured.  Sirds  were  then  weighed  with 
feathers  in  place  and  the  volume  of  each  bird  determined  by  displacement 
m  water.  This  measurement  was  then  repeated  with  the  feathers  fully 
wetted  to  remove  as  much  trapped  air  as  possible.  Finally,  the  bird  was 
plucked  and  both  mass  and  volume  re-measured.  Three  density  measurements; 
dry,  wetted  and  plucked  could  thus  be  calculated.  Table  2  shows  the  data 
obtained  for  the  species  examined  so  far. 


Table  2  Dry,  wetted 

and  plucked  densities  (g/cc)  of 

twelve  North  American 

bird  species.  Data 

are  means  for 

ten  birds .  Figures  in  brackets  are 

standard  deviations 

(From  Hamarshock 

et  al.  1933) . 

DRV  BIRD 

VET  BIRD 

PLUCKED 

DENSITY 

DENSITY 

BIRD 

SPECIES 

DENSITY 

Semng  Gul.l 

0  .  602 

0  743 

0.879 

(0.053) 

(0.046) 

(0.054) 

Ring-billed  Gull 

0  044 

0.786 

0.928 

(0.031) 

(0  028) 

(0.034) 

Rock  Dove 

0 . 648 

0.802 

0.987 

(0.032) 

( 0 . 020) 

(0.022) 

Canada  Gcose 

0 . 669 

0.607 

0.917 

(0.041) 

(0.023) 

(0.023) 

Laughing  Gull 

0.700 

0.831 

0.935 

(0.043) 

(0.027) 

(0.038) 

Turkey  Vulture 

0.700 

0.803 

0.916 

(0.018) 

(0.024) 

(0.02S) 

Mallard 

0.739 

0  877 

0.959 

(0.040) 

(0.016) 

(0.016) 

Brown-hcadod  Covb.ird 

0.750 

0.915 

1.042 

(0.029) 

(0 . 024) 

(0.028) 

House  Sparrov 

0 . 751 

0 . 913 

1.050 

(0.042) 

(0.035) 

(0  032) 

European  Stalling 

G.776 

0.947 

1  027 

(0.035) 

(Q.024) 

(0.020) 

Connon  Gr&ckle 

0.809 

0.924 

l.OOS 

(0.030) 

(0.023) 

(C  .  024) 

Domestic  Chicken 

0 .918 

no  data 

1.044 

(0.041) 

(0.011) 

ijii»  Wciy  Of 

F  v  £4  14 

V  ^  C  e.  r  a 
a  ww . wk 

r  _  t r  An 

C  -  *■  O  .  o  O 

Between  Species 

p  <oToooi 

P  <  0.0001 

P  <  0  0001 

The  data  show  significant  differences  between  the  densities  of  the  twelve 
species  studied.  The  Herring  Gull,  used  by  some  organisations  as  a  test 
species,  is  34%  less  dense  than  the  domestic  chicken  which  is  used  by 
other  companies.  Ths  average  dry  density  for  wild  birds  is  0.708  g/cc 
compared  to  0.9i8  g/cc  for  the  domestic  chicken.  There  is  clearly  3  need 
to  consider  whether  the  test  species  used  by  different  companies  are 
comparable  both  with  each  other  and  with  the  wild  species  most  frequently 
struck.  The  gathering  of  mors  data  on  a  wider  range  of  species  would  allow 
the  standardisation  of  size  and  density  as  well  as  mass  for  certification 
testing,  and  a  representative  bird  species  could  then  he  chosen. 
Similarly,  these  data  could  be  used  to  produce  dummy  birds  of  a  size,  mass 
and  density  more  typical  of  those  species  likely  to  be  struck  in 
operation. 


2.3  Determination  of  internal  density  distribution  within  bird  bodies 

In  order  to  determine  how  the  internal  distribution  cf  tissue  density 
varies  between  bird  species,  and  to  model  the  passage  of  engine  fan  blades 
through  their  bodies,  it  was  first  necessary  to  develop  a  three-  . 
dimensional  computer  reconstruction  of  the  internal  structure  of  each  A 
bird.  This  was  achieved  by  first  freezing  the  bird,  removing  the  neck, 
wings  and  legs,  and  then  slicing  the  torso  at  C.5cm  intervals 
perpendicular  to  the  longitudinal  axis.  After  each  slice  was  removed,  the 
exposed  surface  was  photographed.  Each  photograph  was  digitised  on  a 
computer  and  the  resulting  tissue  mao  fed  into  a  specially  modified  3-D 
reconstruction  program.  A  second  b:  rd  was  dissected  ana  samples  of  the 
different  tissues  removed.  Each  tissue  sample  was  weighed,  its  volume 
measured  by  displacement  in  water  and  its  density  determined.  The  density 
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of  each  tissue  type  was  then  fed  into  the  computer  reconstruction  to 
produce  a  three-dimensional  density  map  of  the  bird  body. 

j  The  3-D  density  map  can  then  be  used  to  model  the  passage  of  turbine 

|  blades  at  any  angle  through  the  bird's  body.  A  total  of  over  8,000  slices 

,  *  were  modelled  for  each  species  tested  (the  precise  number  of  slices 

j  %  depending  upon  the  size  of  the  bird  involved)  .  Figure  1  shows  the 

.  distribution  of  mean  slice  density  for  two  of  the  bird  spec  ?s  tested. 

!  Commercial  confidentiality  prevents  the  disclosure  of  the  ex.;  .  values 

!  obtained,  but  statistically  significant  differences  exist  between  the  two 

I  species  shown. 

I 

1  The  process  of  slicing,  photographing  and  digitising  each  individual  bird 

i  is  extremely  time  cons'iming  and  expensive  ,  It  is  hoped  that  the  software 

i  can  be  adapted  to  take  data  from  a  Magnetic  Resonance  Imager  (MRI)  so  that 

|  a  simple  scanning  procedure  can  be  used  to  generate  the  initial  three- 

|  dimensional  model.  Work  on  the  adaptation  of  MRI  data  for  use  in  the 

■  modelling  process  is  continuing. 

i 


l 

i 

i 

l 

i 

! 

i 


I 
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Figure  1.  Graph  showing  the  distribution  of  slice  densities  obtained  from 
modelling  the  pannage  of  a  turbine  blude  through  the  bodies  of  two 
frequently  struck  European  bird  species. 
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2.4  Heasureanenfc  of  the  three- dimensional  structure  of  bird  flocks  and 
calculation  of  the  probability  of  multiple  impacts . 

Banilower  and  Goodall  (1992)  reviewed  recent  birds trikes  to  a  variety  of 
HBPR  engines  and  compared  data  from  1981-83  with  that  from  1989-90.  They  ji  r 
concluded  that  the  species  and  thus  mass  of  birds  involved  in  strikes  had 
not  changed  significantly  over  the  period.  The  poor  reporting  levels  of 
birdstrike  incicents  from  soma  countries,  and  the  lack  of  specific 
identification  of  the  birds  involved,  raises  questions  concerning  the 
reliability  of  such  data,  however  (Thorpe  1990b) .  For  example,  the  H  * 
information  used  to  calculate  the  masses  of  birds  ingested  by  aircraft  in 
the  USA  during  the  study  is  based  on  only  16  reported  incidents  where  the 
biras  involved  were  identified  to  species.  Even  in  countries  where  the 
reporting  cf  all  birdstrikes  is  mandatory,  relying  on  existing  datasets 
where  accuracy  levels  vary  by  factors  of  ten  (the  UK  birdstrike  reporting 
form  has  categories  of  1,  2-10  and  10-100  birds  hit)  to  determine  how  many 
birds  should  be  used  in  certification  tests  is  itself  questionable.  To  use 
data  gathered  on  aircraft  of  an  existing  design  and  flying  existing  routes 
to  establish  standards  for  new  designs  or  new  routes  is  clearly 
undesirable.  If  we  are  to  accurately  predict  the  probability  cf  striking  a 
given  number  of  birds  of  a  particular  species  in  the  future,  independent 
data  without  the  biases  imposed  by  the  current  reporting  system  are 
required.  Detailed  measurements  of  the  flock  sizes  and  structures  adopted 
by  bird  species  allow  such  predictions  to  be  made. 

Extremely  limited  data  exist,  on  the  flock  structure  of  birds.  Van  Tets 
(1966)  used  single  still  photographs  to  estimate  the  flock  sizes  of  a  wide 
range  of  species  but  with  limited  accuracy,  whilst  Dill  &  Major  (1977) 
used  stereo  still  photography  with  high  speed  cameras  to  obtain  accurate 
data  on  a  very  limited  range  of  species  in  level  flight.  The  species  range 
studied  was  limited  by  difficulties  with  gathering  photographic 
information  in  he  field  and  with  processing  the  large  amounts  of 
information  needed  to  follow  the  movements  of  a  flock  in  three  dimensions. 

Advances  in  video  recording  techniques,  and  the  advent  of  powerful 
computers  capable  of  running  image  analysis  software  mean  that  these 
problems  can  now  be  overcome.  CSL,  under  contract  to  Rolls  Royce’  and  the 
Civil  Aviation  Authority,  has  developed  a  portable  video  system  that  can 
record  stereo  images  of  bird  flocks  as  they  move  in  response  to  aircraft 
or  other  stimuli.  An  automated  image  analysis  system  allows  the  three 
dimensional  position  of  each  bird  in  a  flock  to  be  calculated 
automatically  and  statistics  such  as  flock,  size,  flock  density  and  inter- 
bird  distances  calculated.  The  system  can  also  be  used  to  model  the 
passage  of  an  aircraft  or  engine  through  a  flock  at  any  desired  angle  or 
speed.  The  number  and  location  of  any  resulting  strikes  can  thus  be 
determined. 

Data  need  to  be  gathered  on  the  flock  structures  of  the  widest  possible 
range  of  species.  The  changes  m  flock  structure  that  occur  whilst  birds 
perform  their  various  daily  behaviours  also  need  to  be  monitored.  These 
data  will  allow  an  independent  estimate  of  the  probability  of  striking  a 
particular  number  of  birds  cf  a  given  species  to  be  made.  The  most  .  f 
hazardous  species  will  thus  be  able  to  be  identified  and  the  data  used  to  A 
help  set  certification  standards.  The  ability  to  model  different  aircraft 
configurations  may  also  shed  light  on  why  some  suffer  more  birdstrikes 
than  others. 
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3 .  Organisation  and  timescale  of  future  research 

The  proposed  research  involves  capturing  a  number  of  birds  of  each 
species  at  the  top  of  the  priority  listing  (subject  to  obtaining  the 
necessary  licenses,  etc.).  Whole  body  density  will  be  measured  and 
physical  dimensions  such  as  wingspan  and  cross-sectional  area  recorded. 
Internal  density  distribution  will  be  modelled  for  each  species  ana  the 
density  of  the  slices  cut  through  the  body  by  turbine  blades  determined. 
For  flocking  species,  stereo  video  recordings  will  be  made  of  as  wide  a 
range  cf  behaviours  as  possible,  with  particular  reference  to  behaviour  on 
or  near  airports.  Flock  sizes  and  densities  will  be  calculated  and  the 
passage  of  a  variety  of  aircraft,  engines,  etc.  through  the  flocks  will  be 
modelled  to  determine  the  numbers  of  birds  likely  to  be  hit. 

3.1  Funding 

Since  the  research  is  of  general  interest  to  the  whole  industry,  we 
propose  that  the  project  should  be  funded  by  an  'industry  club'  consisting 
of  manufacturers,  airlines,  regulatory  authorities  and  other  interested 
organisations  each  contributing  annually  a  modest  sum  of  money. 
Subscription  to  the  club  would  buy  full  access  to  all  data  gathered,  and 
the  right  to  suggest  changes  to  research  priorities  (e.g.  to  alter  the 
list  of  species  to  be  studied  or  to  have  a  particular  aircraft  or  engine 
type  modelled  for  passage  through  flocks  of  a  particular  species) .  The 
project  is  scheduled  to  last  for  three  years,  with  the  possibility  of 
extension  if  a  greater  range  of  species  needs  to  be  studied.  It  is  hoped 
that  the  project  will  commence  in  1993-4,  with  North  American  and  European 
birds  from  the  top  of  the  priority  listing  being  selected  as  the  first 
targets  for  study.  This  is  because  USAF  Wright  Laboratory,  UK  Civil 
Aviation  Authority  and  Rolls  Royce  Aeroengines  have  already  invested  in 
the  project.  The  cost  to  individual  subscribing  organisations  would 
obviously  depend  on  the  number  of  members  of  the  industry  club  and  the 
number  and  location  of  the  bird  species  finally  chosen  for  study. 


4 .  Conclusion 


This  proposal  constitutes  the  first  comprehensive  study  of  those  species 
which  cause  the  greatest  problems  to  the  aviation  industry  world-wide.  It 
is  designed  to  gather  the  biological  information  needed  by  manufacturers, 
and  regulatory  authorities  to  help  them  make  decisions  about  design, 
testing  and  certification  against  birdstrikes.  It  will  also  assist 


meet  the  cost  of  birdstnke  damage. 


to  ruiniuiise  the 


impact  of  birdstrikes  on  their  operation. 
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Abstract 

Recently  determined  bird  density,  mass,  length,  and  diameter  data 
were  utilized  to  create  cylinder  models  of  six  bird  species  often  ^  ^ 

struck  by  aircraft.  These  models  were  used  to  conduct  X3D  finite 
element  analysis  on  computer  models  of  the  350-knot  capability 
current  production  model  F-16  canopy.  The  results,  conclusions, 
and  recommendations  from  these  analyses  are  presented.  This 
report  is  useful  to  advance  aircraft  birdstrike  testing 
techniques,  regulation,  and  threat  characterization. 
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INTRODUCTION 


Each  year  collisions  between  aircraft  and  birds  cause 
millions  of  dollars  of  damage  and,  occasionally,  loss  of  human 
y  $  life.  In  the  USAF,  since  1987,  seven  deaths  have  occurred  due  to 
birdstrikes.  Losses  have  increased  from  use  of  jet  propelled 
aircraft  at  high  speeds  and  low  levels.  This  has  resulted  in 
engineers  and  biologists  seeking  solutions  to  prevent  future 
•*»  t  losses.  One  engineering  solution  has  been  to  develop  birdstrike 
resistant  aircraft  components,  including  transparencies. 

Numerous  computer  codes  have  been  written  as  a  method  to 
accomplish  resistance  testing  of  these  components .  One  of  these 
codes  is  X3D. 

The  X3D  finite  element  analysis  computer  code,  developed  by 
the  University  of  Dayton  Research  Institute,  Dayton,  Ohio,  is  "an 
explicit  finite  element  program  suitable  for  analyzing  transient 
dynamic  and  impact  problems  in  solids"  (Reference  1) .  X3D  has 
been  demonstrated  to  be  useful  as  a  modeling  tool  to  augment  and 
possibly  reduce  the  amount  of  costly  and  time  consuming  full- 
scale  transparency  testing  (Reference  2).  X3D  permits  models  of 
both  the  canopy  and  the  bird  (typically  as  a  cylinder) .  It 
propels  the  bird  at  the  canopy  at  a  precise  user-defined  velocity 
and  impact  point.  The  bird  is  modeled  using  a  number  of  values, 
including:  mass,  density,  length,  diameter,  shear  strength,  and 

elasticity  (Reference  3). 

Until  the  last  year,  values  for  bird  properties  have  been 
determined  using  mostly  unreferenced  sources  and  drawing  from  a 
largely  incomplete  resource  of  biological  data.  A  recent  study 
was  conducted  to  begin  to  validate  and  standardize  some  of  the 
biological  unknowns  (Reference  4) .  The  objective  of  this  study 
was  to  incorporate  the  new  biological  data  into  the  X3D  program 
to  discover  limitations,  assess  results,  and  to  determine  if 
improvements  in  biological  and  engineering  technologies  will 
allow  significant  advancements  to  aircraft  birdstrike  modeling 
techniques . 

MATERIALS  AND  METHODS 

Bird  mass,  density,  length,  and  diameter  values  were  used 
from  six  bird  species,  including:  Canada  Goose  {Branta 
canadensis) ,  Domestic  Chicken  ( Gallus  gallus) ,  Herring  Gull 
( Larus  argentatis)  ,  House  Sparrow  ( Passer  domesticus) ,  Ring¬ 
billed  Gull  (L.  delawarensis } ,  and  Turkey  Vulture  (Cathartes 
aura ) .  The  length  was  measured  from  the  tip  of  the  bill  to  the 
m  ^  tip  of  the  tail  (plucked) .  The  diameter  was  of  plucked  birds  at 
its  location  of  greatest  magnitude.  To  compare  the  Domestic 
Chicken  to  previous  model  applications,  a  mass  of  exactly  4-lbs 
was  used. 

The  typical  bird,  modeling  assumption  of  right  circular 
*  *  cylindrical  geometry  consr.rains  the  bird  mass,  density,  and 

volume  inputs  to  be  dependent  upon  each  other.  Therefore,  to 
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work  with  the  available  biological  data,  one  of  the  bird  geometry 
inputs  had  to  be  altered  to  fit  the  cylindrical  assumption. 
Diameter  was  slightly  altered  for  each  species  to  fit  this 
dependence  (Table  1) .  Each  bird  model  was  impacted,  at  a 
simulated  350-knots,  against  the  350-knot  capability  current 
production  F-16  aircraft  canopy  computer  model . 

Historically  the  assumed  cylindrical  bird  length-to-diameter 
ratio  has  been  2:1;  therefore,  a  second  set  of  bird  models  was 
developed  to  accept  mass,  density,  and  volume  values  conforming 
to  this  ratio.  Using  measured  mass  and  density  values  from  the 
same  six  species,  volume  values  were  calculated  to  correspond 
with  a  2:1  ratio  (Table  2) .  Each  bird  model  was  impacted,  at  a 
simulated  350-knots,  against  current  production  F-16  aircraft 
canopy  computer  model  (without  head-up-display) . 

For  all  12  simulations  a  "weak"  bird  model  with  a 
aulc  =  3,000  psi  was  used.  All  other  values  and  procedures  were 
accomplished  consistent  with  X3D  analysis  of  the  F-16  current 
production  canopy  accomplished  by  References  1  and  2.  Cylinders 
were  directed  to  impact  the  canopy  head-on,  at  Fuselage  Station 
(FS)  113.5.  The  canopy  cross-section  used  was  0.530" 
polycarbonate  (inner  layer),  0.055"  polyurethane,  0.125"  acrylic 
(outer  layer) . 


Table  1.  Bird  geometry  based  on  measured  mass,  density,  and 
length  (Reference  4).  Diameter  adjusted  to  fit  cylinder  model. 


Species 

Mass 

(lb) 

Density 

(a/cm3) 

Length 

(in) 

Diameter 

(in) 

House  Sparrow 

0.0496 

9 . 827E-05 

4.0866 

0.6383 

Ring-billed  Gull 

0.8807 

8 . 685E-05 

12.6772 

1.6243 

Herring  Gull 

2.0767 

8 . 236E-05 

16.9409 

2.2158 

Turkey  Vulture 

3.7337 

8.573E05 

16.1772 

2.9800 

Domestic  Chicken 

4.0000 

9 . 771E-05 

14.6969 

3.0312 

Canada  Goose 

8.4471 

8 . 582E-05 

30.1299 

3.2826 

Table  2 .  Bird  length 
ratio  model. 

and  diameter  geometry 

adjusted  to  fit  2:1 

Length 

Diameter 

Species 

(in) 

(in) 

House  Sparrow 

1.8814 

0.9407 

Ring-billed  Gull 

5.1146 

2.5573 

Herring  Gull 

6.9292 

3.4646 

Turkey  Vulture 

8.3137 

4.1569 

Domestic  Chicken 

8.1439 

4.0720 

Canada  Goose 

10.9102 

5.4551 

Canopy  deflection  was  assessed  at  FS  113.5  (Node  273)  and  FS 
140.5  (Node  579)  due  to  requirements  established  by  Reference  5. 
FS  113.5  is  the  straight-on,  center  point  of  contact  with  the 
canopy,  in-line  with  the  pilot,  design  eye  location  and  FS  140.0 
is  directly  above  the  pilots  head. 


RESULTS 


Tables  3-4  list  maximum  deflections  for  all  12 
Figures  1-6  graphically  display  deflection  results. 
1-6  substitute  "Canada  Goose"  for  "Canadian  Goose." 
display  size  relationships  between  bird  models. 


impacts . 

In  Figures 
Figures  7-8 


Table  3.  Maximum  deflections  (in  inches)  of  bird 
impacting  model  current  production  F-16  canopies, 
diameter  adiusted. 

models 

Models  have 

Node  273 

Node  579 

Species 

FS  113.5 

FS  140.5 

Hnusp  Snsrrnw 

0 . 05 

0 , 01 

Ring-billed  Gull 

0.67 

0.08 

Herring  Gull 

1.61 

0.23 

Turkey  Vulture 

2.63 

0.67 

Domestic  Chicken 

2.84 

0.76 

Canada  Goose 

4.40 

2.94 

Table  4.  Maximum  deflections  (in  inches)  of  bird 
impacting  model  current  production  F-16  canopies, 
adiusted  to  2:1  length-to-diameter  ratio. 

models 

Models 

Node  273 

Node  579 

Species 

FS  113.5 

FS  140.5 

House  Sparrow 

0.06 

0.01 

Ring-billed  Gull 

0.85 

0.22 

Herring  Gull 

1 . 98 

0.48 

Turkey  Vulture 

2 . 62 

0.80 

Domestic  Chicken 

2 .90 

0.89 

Canada  Goose 

5.23 

3.57 
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Figure  1. 

Comparison  of  Various  Bird  Species 

Deflection  Time  Histories  at  FS  113.5 


IMPACT  CONDITIONS: _ _ 

■FS  113.5  @  350  knots  . House  Sparrow  -  Ring-Billed  Gull - Herring  Gull 

-  "Weak”  Bird  Model 

-  Production  Canopy  . Turkey  Vulture  -  Domestic  Chicken  ---  Canadian  Goose 


IMPACT  CONDITIONS:  _ _ _ 

-  FS  113,5  @  350 knots  . House  Sparrow  - Ring-Billed  Guli - Herring  Gull 

-  "Weak"  Bird  Model  J  „  .  _  ,  _ 

-  Production  Canopy  \  . Turkey  Vulture  - Domestic  Chicken - Canadian  Goose 


Figure  5. 

Comparison  of  Various  Bird  Models 

Deflection  Time  Histories  at  FS  140.5 


Measured  RB  Gull  -  Measured  Chicken  - Measured  Can. 

2:1  RB  Gulii  —  2:1  Dom.  Chicken  - 2:1  Can.  Goose 


Figure  6. 

Maximum  Deflections  at  FS  140,5 

for  Various  Bird  Species  and  Models 


« 


Figure  7.  Size  relationship  of  six  diameter  adjusted  bird  models 
to  F-16  canopy  before  impact. 


Figure  8.  Size  relationship  of  six  2:1  length-to-diameter  ratio 
adjusted  bird  models  to  F-16  canopy  before  impact. 


DISCUSSION 


At  FS  140.5  the  "diameter  adjusted"  and  "2:1  ratio" 

Canada  Goose  exceeded  the  2.25"  maximum  deflection  requirement 
established  for  safe  operation  of  the  F-16  canopy  by  Reference  5.  * 

All  other  species  passed  the  requirement.  None  of  the  12  tests 
resulted  in  bird  penetration. 

Deflections  for  the  Domestic  Chicken  at  FS  140.5  were  0.76" 
"measured"  and  0.89"  for  the  " 2:1  ratio."  Reference  2  shows  a  ^  > 

deflection  of  approximately  1.1"  for  a  similar  simulation  using  a 
3100  psi  "2:1  ratio"  bird  and  slightly  different  canopy 
properties.  Deflecuion  data  from  full-scale  testing  of  F-16 
canopies  of  0.125"  acrylic,  0.060-0.080"  interlayer,  and  0.500" 
polycarbonate  composition  show  results  of  >0.63"  for  a  352-knot 
test  and  >0.94"  for  a  356-knot  test  (Reference  6).  Data 
"dropout"  did  not  permit  peak  deflection  to  be  ascertained; 
therefore,  actual  deflection  may  have  surpassed  these  test 
values . 

At  FS  113.5,  all  12  tests  resulted  in  a  pass  (no 
penetration) .  We  expected  the  Canada  Goose  to  penetrate.  Why  it 
did  not  is  not  understood;  however,  the  low  density,  use  of 
"weak"  bird  model,  and  uncertainty  associated  with  the 
polycarbonate  failure  criterion  may  be  major  factors.  To  model 
birds,  ault  values  of  3,000-4,500  psi  have  been  tried.  Reference 
7  found  the  "weak"  model  to  be  favorable  in  analysis  of  bird 
impacts  on  flat  plate  injection  molded  panels.  More  analysis  of 
bird  ultimate  strength  and  polycarbonate  failure  criteria  are 
needed  to  understand  the  non-penetration  of  an  8.5-lb  bird. 

The  deflection  time  histories  appear  to  be  only  slightly 
sensitive  to  whether  the  bird  model  is  based  on  as-measured  or 
2:1  length-to-diameter  ratio  data.  Modeling  with  a  2:1  ratio 
produced  more  conservative  results  than  modeling  based  entirely 
on  the  as— measured  data.  Until  these  simulations  are  compared  to 
data  from  equivalent  full-scale  tests  statements  concerning 
accuracy  are  difficult  to  make. 

The  Domestic  Chicken  had  slightly  higher  deflection  results 
than  the  Turkey  Vulture.  The  Turkey  Vulture  is  the  most 
important  species  for  the  USAF  to  protect  against.  Turkey 
Vultures  cause.  2  0%  of  damaging  USAF  birdstrikes  and  have  caused 
at  least  of  $21M  of  damage  since  1985.  Since  1989,  collisions 
with  Turkey  Vultures  have  resulted  in  one  pilot  fatality  and  the 
loss  of  two  F-16's  (USAF  Bird/Aircraft  Strike  Hazard  Team  Data, 

Tyndall  AFB  FL) .  Reference  4  recorded  the  average  mass  of  12 

Sandusky,  Ohio,  Turkey  Vultures  to  be  3.7  lbs  (plucked  mass 

used)  .  However,  the  USAF  Bird/Aircraft  Strike  Hazard  Team,  4 

Tyndall  Air  Force  Base,  Florida,  considers  the  US  average  to  be 

4.5--lbs.  A  4.5-lb  Turkey  Vulture  may  cause  more  damage  than  the 

4-lb  Domestic  Chicken.  This  should  be  a  concern  of  future 

analysis  and  decision-making. 

Choosing  a  cylinder  to  model  the  bird  has  limited 
researchers  to  adhering  to  mathematical  relationships  governing 
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it .  The  result  of  this  is  not  allowing  for  input  of  independent 
biological  variables.  However,  our  preliminary  results  do  not 
show  too  much  sensitivity  to  model  geometry. 

The  biological  data  currently  available  for  use  during 
*  modeling  is  relatively  scarce.  During  model  development, 
biological  data  was  generally  unavailable;  therefore,  model 
design  did  not  have  to  incorporate  the  ability  to  input  specific 
values  such  as  "length"  and  "diameter."  Scientists  should  aim  to 
^  make  the  model  fit  the  bird,  not  make  the  bird  fit  the  model. 

It  is  important  for  engineers  to  make  their  needs  known  to 
the  biological  field.  Density,  ultimate  strength,  shear 
strength,  compressibility,  body  dimensions,  and  elasticity  are 
all  areas  that  need  to  be  better  defined  to  advance  bird 
modeling.  It  is  important  for  the  biologists  to  understand  the 
limitations  engineers  work  under  and  the  high  quality  of  data 
needed.  These  investments  will  eventually  save  user  time  and 
money  during  development  of  transparency  systems. 

The  potential  rewards  for  effective  integration  of 
biological  and  engineering  technologies  are  numerous  and  include: 
improved  accuracy  of  advanced  computer  modeling  of  birdstrikes, 
aiding  international  standardization  of  full-scale  testing 
techniques,  increased  acceptability  and  validity  to  the  use  of 
"artificial"  birds  for  full-scale  birdstrike  testing,  and 
improving  standards  of  birdstrike  resistance.  This  paper  is  just 
the  beginning  of  showing  how  integration  of  current  biological 
and  engineering  technologies  can  benefit  flight  safety  research. 
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ABSTRACT 


Military  fighter  aircraft  occ  sionally  suffer  collisions  with  birds,  sometimes  at  near-sonic 
relative  velocities.  These  collisions  pose  a  threat  to  the  structural  integrity  of  the  aircraft,  and  thus 
are  of  concern  to  designers.  An  explicit  three-dimensional  finite  element  code  for  dynamic  impact 
analysis,  named  X3D,  has  been  under  continuous  development  for  several  years  at  the  University 
of  Dayton  Research  Institute,  with  a  major  area  of  emphasis  being  the  ability  to  analyze 
birdstrikes  of  crew  enclosure  transparencies  of  fighter  aircraft.  The  bird  model  used  in  these 
analyses  is  critical  only  to  the  extent  that  appropriate  loads  are  applied  to  the  impacted  surface, 
but  even  with  this  limited  requirement  for  modelling  accuracy,  the  bird  poses  modelling 
difficulties  because  of  the  tendency  of  bird  bodies  to  behave  as  liquids  during  high  speed  impacts. 
This  paper  presents  the  results  of  a  study  of  two  different  bird  models  available  within  X3D,  one 
of  which  uses  a  conventional  solid  finite  element  representation,  and  the  other  which  models  the 
bird  as  a  closest-packed  assemblage  of  spherical  elements.  Various  modelling  parameters  are 
studied,  including  element  size  and  material  constitutive  properties.  Contact  forces  computed 
analytically  are  compared  with  experimental  data  to  assess  the  two  different  bird  models,  and  to 
establish  improved  guidelines  for  the  specification  of  the  various  modelling  parameters. 


INTRODUCTION 

Military  fighter  aircraft  occasionally  suffer  mid-air  collisions  with  birds,  sometimes  at 
near-sonic  relative  velocities.  These  collisions  pose  a  threat  to  the  structural  integrity  of  the 
aircraft,  and  thus  are  of  concern  to  designers.  As  part  of  a  long-term  effort  to  improve  the 
resistance  of  fighter  aircraft  crew  enclosure  transparencies  to  birdstrikes,  a  finite  element  code 
for  the  analysis  of  high-speed  impacts  has  been  under  continuous  development  for  several  years 
at  the  University  of  Dayton  [1].  The  finite  element  code,  named  X3D,  is  capable  of  performing 
three-dimensional  nonlinear  transient  analysis  of  dynamic  events  including  impact,  using  an 
explicit  time  integration  scheme.  Finite  element  bird  models  have  been  used  in  X3D  in  the 
simulation  of  birdstrike  events  [1].  However,  from  the  standpoint  of  engineering  materials  and 
finite  element  modelling  practices,  the  response  of  a  bird  body  during  a  high-speed  impact  event 
is  quite  unusual.  Thus,  there  remain  questions  as  to  the  best  method  for  modelling  the  bird  body, 
and  what  material  properties  to  assign  to  it.  This  paper  presents  the  results  of  an  analytical  study 
intended  to  help  answer  these  questions,  and  to  provide  the  basis  for  developing  and 
implementing  improved  bird  models  for  use  in  impact  simulations  with  X3D. 

The  scope  of  concern  here  is  limited  to  the  structural  loads  experienced  by  an  aircraft 
component  during  high-speed  birdstrikes.  Thus,  the  bird’s  physical  characteristics  and  behavior 
during  impact  are  important  only  to  the  extent  that  they  influence  aircraft  structural  loads.  High¬ 
speed  here  refers  to  velocities  equal  to  and  greater  than  the  low-altitude  cruise  velocity  of  typical 
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fighter  aircraft.  The  basic  work  on  high-speed  bird  impact  loads  was  done  during  the  mid-to-late 
1970’s  using  rigid-wail  impact  experiments  [2-6].  Important  conclusions  of  this  work  are  noted 
here.  The  stresses  generated  during  an  impact  event  so  greatly  exceed  the  tissue  strength  of  the 
bird  that  the  bird  behaves  as  a  fluid  with  negligible  viscosity  [2,4,5, 6].  The  loads  produced  by 
the  bird  are  adequately  duplicated  by  representing  the  bird  as  a  right  circular  cylinder  with  the 
same  mass,  density,  and  compressibility  as  the  bird  [4].  The  bird  may  be  modelled  as  a  material 
with  10%  porosity  (containing  air)  having  an  average  specific  density  of  0.95  [2,4,6].  In  rigid- 
wall  impacts,  the  impact  event  is  characterized  by  an  initial  shock  load,  followed  by  a  steady- 
flow  load,  with  the  impact  duration  approximately  equal  to  the  length  of  the  bird  divided  by  the 
initial  velocity  (assuming  end-on  impact)  [5,6]. 


In  the  current  investigation,  two  general  mathematical  soft-body  bird  models  available 
within  the  X3D  code  are  studied  through  rigid-wall  impact  simulations.  The  bird  models  are 
assessed  by  comparing  their  impact  response  with  the  behavior  expected  based  on  the  conclusions 
noted  in  the  previous  paragraph.  Computed  values  for  contact  forces  and  pressures  are  used  to 
quantify  various  aspects  of  the  impact  event,  and  visualization  of  the  impact  is  used  to  establish 
qualitative  aspects  of  the  bird-model  behavior.  For  each  of  the  two  general  bird  models 
considered,  the  parameters  which  characterize  the  material  behavior  are  varied  in  order  to  create 
a  variety  of  specific  bird  models.  Section  2  provides  a  brief  description  of  key  characteristics  of 
the  X3D  finite  element  analysis  code,  the  bird  models  available,  and  post-processing  parameters 
used  in  the  current  investigation.  Section  3  includes  a  presentation  and  discussion  of  impact- 
simulation  results  for  a  variety  of  bird-model  configurations.  Conclusions  from  the  current  study 


and  recommciiuaiioiis  fui  futufc  woik  ate  summarized  in  Section  4. 


FINITE  ELEMENT  ANALYSIS 
Overview  of  the  X3D  Finite  Element  Code 

The  finite  element  code  X3D  [1]  is  capable  of  performing  three-dimensional  dynamic 
analysis  of  materially  and  geometrically  nonlinear  systems.  The  code  uses  an  explicit  time- 
integration  scheme  which  avoids  the  need  to  form  large  systems  of  equations  for  expressing  the 
equations  of  motion  of  the  discretized  system.  This  formulation  is  well  suited  to  short-duration 
dynamic  events  such  as  wave  propagation  and  impact  simulation  but  requires  the  use  of  very 
small  time  increments,  making  the  method  unattractive  for  iona-duration  events.  X3D 
incorporates  both  solid  and  shell  finite  elements,  and  can  simulate  a  variety  of  material  models. 
Advanced  pre-processing  and  post-processing  features  are  available  for  finite-element  model 
development  and  output  review.  A  full  discussion  of  the  basis  and  capabilities  of  X3D  is  included 


The  explicit  time-integration  scheme  is  carried  out  in  a  three-step  procedure  for  each  time 
increment,  as  summarized  in  the  following  equations  for  a  single  degree  of  freedom: 


(1) 

v(t+Atl 2)  =v(t-At/2)  +A  ta(t) 

(2) 

u(t  +At)  -u(t)  +Atv(t  +Atf 2)  @) 

where  u,  v,  and  a  are  the  generalized  displacement,  velocity,  and  acceleration,  respectively,  m  is 
the  generalized  mass,  t  is  the  time  at  which  the  solution  u  is  initially  known,  and  At  is  the 
nominal  time  increment  between  successive  solutions.  Quantity  is  the  externally  applied 
generalized  force,  and  fiBt  is  the  internal  generalized  fore  e  which  would  arise,  for  example,  due 
to  non-zero  stresses  in  an  elastic  body. 

In  the  actual  implementation  of  the  time-integration  scheme,  the  time  increments  need  not 
be  uniform  from  one  step  to  the  next.  In  order  to  maintain  stability  of  the  time-integration 
scheme,  the  time  increment  is  kept  less  than  or  equal  to  the  value 

(4) 

where  (oe  is  the  largest  element  natural  frequency  among  all  finite  elements  in  the  model.  The 
natural  frequencies  of  each  element  are  affected  by  the  deformation  history  of  the  element,  and 
so  the  frequencies  must  be  computed  at  each  time  step.  The  constraint  on  the  time  increment  is 
an  issue  in  assessing  the  different  bird  models,  as  will  be  shown  later. 

A  contact  algorithm  is  incorporated  in  X3D  to  facilitate  impact  simulation.  A  control 
surface  through  which  no  penetration  may  occur  is  defined  in  terms  of  "master  elements."  For 
solid  master  dements,  one  surface  is  designated  as  the  contact  surface;  for  shell  master  elements, 
the  element  rcfeicuce  surface  is  the  contact  surface.  Tne  opposing  body  in  an  impact  is 
designated  in  terms  of  "slave  nodes;"  these  nodes  are  generally  the  nodes  of  some  finite  element 
body,  such  as  one  of  the  finite-element  bird  models  discussed  later  in  this  paper.  The  contact 
constraint  is  that  no  slave  node  may  lie  in  a  specified  region  "behind"  any  master-element 
surface.  After  the  computation  of  the  displacement  solution  at  each  time  step,  the  contact 
constraints  are  evaluated.  Where  the  constraint  is  violated,  the  translational  velocities  of  the  slave 
node  and  the  nodes  connected  to  the  contact  surface  of  the  master  element  3re  adjusted  so  that 
the  following  conditions  are  met:  i)  the  relative  velocity  of  the  slave  node  normal  to  the  contact 
surface  is  zero,  and  ii)  the  linear  and  angular  momenta  of  the  system  are  preserved.  (All  mass 
in  the  system  is  lumped  at  the  finite  element  nodes.)  Contact  forces  at  a  node  are  computed  as 
the  sum  of  the  internal  forces  and  the  forces  required  to  accelerate  the  node  to  its  corrected 
velocity  over  the  time  increment  just  completed.  From  these  contact  forces,  contact  pressures  are 
computed. 

X3D  has  a  variety  of  ways  to  handle  predicted  material  failure,  and  these  are  described 
in  [1].  Of  interest  in  assessing  mathematical  bird  models  is  the  treatment  of  material  failure  in 
the  solid  elements  typically  used  to  model  birds  in  impact  simulations.  When  the  effective  stress 
in  an  element  surpasses  the  specified  ultimate  stress  (see  [1]  for  a  complete  discussion),  the 
element  is  deleted  from  the  finite  element  model.  However,  any  slave  nodes  which  are  freed  by 
the  deletion  of  an  element  remain  in  the  model  as  point  masses,  and  thus  are  able  to  further 
interact  with  the  master  elements  through  the  contact  algorithm  described  above. 


Description  of  Mathematical  Bird  Models 

Tetrahedral-element  bird  models:  It  has  been  a  common  practice  among  X3D  users  to 
model  birds  and  other  impacting  bodies  using  solid  tetrahedral  elements.  Most  commonly,  a 
circular  cylindrical  shape  is  used  for  bird  models,  though  this  is  not  a  limitation  of  the  method. 
A  quarter-cylinder  model  which  is  used  with  two  symmetry  planes  in  the  current  study  is 
depicted  in  Figure  1.  This  model  has  480  elements  and  171  nodes.  (Simulations  of  windshield 
va  birdstrikes  are  usually  performed  with  one  symmetry  plane  using  a  half-cylinder  bird  model.) 

Tetrahedral  elements  have  four  comer  nodes  and  use  linear  interpolation  functions  for 
displacements,  so  strain  and  stress  measures  are  constant  within  an  element.  Common  to  all 
material  models  for  the  element  is  the  use  of  an  elastic  pressure-volume  relation.  Define  a 
compressions  ratio  rj  as 

^P/Po"1  (5) 

where  p  is  the  material  density,  p0  is  the  initial  density,  and  positive  and  negative  values  of  rj 
correspond  to  compression  and  tension,  respectively.  The  elastic  pressure-volume  relation  is  given 
by 

p^K^t\  +JCtty5  i|>0  (6) 

P~K(  rj  rj<0  (7) 

It  can  be  seen  that  a  cubic  relation  is  accommodated  for  compression,  whereas  a  iinear  relation 
is  used  for  tension.  For  all  results  presented  in  this  paper,  the  following  coefficient  values  were 
used: 


JCj  =337,000;  K2  =729,000;  K3 =2,202,000;  AT,  =  1000  (8) 

where  p  is  given  in  lbs./in.2.  The  compressive  behavior  defined  by  these  coefficients  is  that  of 
water.  The  coefficient  Kt  was  selected  without  any  particular  quantitative  basis;  however  the 
impact  simulations  performed  in  this  study  have  shown  little  sensitivity  to  the  selection  of  this 
parameter. 
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It  remains  to  relate  the  deviatoric  stresses  cr  to  the  deformation  of  the  material.  The 
deviatoric  stresses  are  defined  by 


=  1,2,3 


(9) 


where  p  is  the  hydrostatic  pressure  of  equation  (6)  or  (7)  and  6-  is  the  Kroniker  delta  function. 
Two  different  general  models  for  this  aspect  of  material  behavior  were  used  in  the  simulations 
reported  here.  The  first  is  an  elastic-plastic  deviatoric  stress  model.  Four  key  parameters  are  used 
to  specify  the  material  properties:  1)  elastic  shear  modulus  G,  ii)  yield  stress  oy,  iii)  ultimate 
stress  ou,  and  iv)  hardening  modulus  H,  defined  by 
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(10) 


where  ^  is  the  slope  of  the  stress-strain  curve  past  the  point  of  yielding.  The  details  of  this 
stress  model,  described  in  [1],  are  relatively  complex,  and  thus  are  not  repeated  here.  Instead,  a 
degenerate  case  is  used  to  illustrates  some  key  aspects  of  the  material  model.  Consider  the  case 
of  uniaxial  tension  with  axial  stress  o  and  axial  strain  £,  with  a  linear  pressure  volume  relation 
defined  by  the  coefficients  K1=KI=K,  K2=K3=0.  For  this  case,  K,  E,  G,  and  Poisson’s  ratio  v  are 
related  by  the  equations 


K=——^—  ■  G  =  ^ 

3(1 -2v)  ’  2(1 +v) 


(11) 


For  this  degenerate  case,  a  schematic  stress-strain  diagram  is  shown  in  Figure  2.  If  the  axial 
stress  reaches  ou,  the  material  is  assumed  to  have  failed.  The  plastic  strain  ep  defined  in  Figure 
2  (ultimate  strain  minus  yield  strain)  is  a  measure  of  the  plasticity  of  the  material.  As  can  be  seen 

in  the  figure,  small  differences  between  oy  and  au  can  result  in  relatively  large  values  of  cp  if£ ' 
is  small  compared  to  E. 


The  second  general  material  model  used  here  is  a  viscous  liquid  model.  For  this  model, 
the  stress  components  are  given  by 


°ij  ~  ~P^ij  +2fid{j 


(12) 


where  u  is  the  dynamic  viscosity  of  the  fluid  and  d'-  are  comDonents  of  the  deviatoric  Dortion 

v 

of  the  rate  of  deformation  tensor.  These  are  defined  by 


d!.  = d *6 -d., 

ij  tj  2  17  kk 
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where  v;  are  the  velocity  components,  xt  are  the  spatial  coordinates  of  a  material  point,  and 
summation  over  repeated  index  k  is  implied. 


Martin's  spherical-element  soft-body  model:  In  [7],  Martin  presents  a  soft-body  model 
which  is  fundamentally  different  from  a  traditional  finite  element  model,  but  which  can  be  used 
in  conjunction  with  finite  elements.  The  model  has  been  implemented,  with  some  alterations,  in 
the  X3D  analysis  code.  The  model  uses  spherical  elements,  each  one  of  which  is  centered  around 
a  node  used  to  track  the  element  motion.  Initially,  the  spherical  elements  are  in  a  closest-packed 
configuration,  so  that  each  internal  element  (not  on  a  surface)  is  just  touching  12  adjacent 
elements.  Denoting  the  initial  radius  of  each  element  as  Ra,  the  initial  noae-to-node  spacing  of 
adjacent  elements  is  2 Rc.  The  mass  of  the  body  is  assumed  to  be  distributed  evenly  among  all 
elements.  The  density  of  each  spherical  element  is  greater  than  the  average  density  of  the  body 
in  order  to  compensate  for  the  unfilled  space  which  remains  in  the  closest-packed  model.  A 
visualization  of  a  half-cylinder  model  is  shown  in  Figure  3.  The  nodes  at  the  center  of  each 
element  are  shown  as  small  circles;  the  elements  themselves  are  not  shown. 


A  search  distance  Dt  is  specified;  after  deformation  has  begun,  only  element  pairs  with 
a  node  spacing  of  less  than  Di  will  interact  directly.  For  all  results  discussed  here,  D=2R0. 
Assuming  that  an  element  has  n  neighboring  elements  which  fall  within  the  check  distance,  the 
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radius  Rt  assigned  to  that  element  for  purposes  of  determining  volume,  density,  etc.  is  given  by 


n  2 


(14) 


where  D )  is  the  node-to-node  distance  to  the /h  neighbor.  The  pressure  for  the  element  is  then 
given  by 

p^jt)  +K2r\2+K3r\3  ~>0  (15) 

p=K,r\  -^<0  (16) 

at 

where  rj  is  given  in  equation  (8)-  Equations  (15)  ar.J  (16)  are  identical  to  equations  (6)  and  (7), 
respectively,  except  that  the  decision  of  v'hich  equation  to  use  is  based  on  the  sign  of  the  rate 
dx\ldt  rather  than  on  the  sign  of  r\.  For  each  pair  of  interacting  elements,  a  contact  area  A  is 
defined,  given  by 

A  <17> 

where  D}  is  the  node-to-node  spacing.  The  force  acting  on  an  clement  due  to  the  interaction  is 
the  internal  pressure  of  the  neighboring  element  multiplied  by  the  contact  area,  directed  toward 
the  first  element  along  a  line  between  the  two  nodes. 


There  is  a  significance  to  the  use  of  the  rate  dr\/dt  in  deciding  whether  to  use  equation 
(15)  or  equation  (16).  Martin  [7]  found  it  necessary  to  use  reduce  the  pressure  in  expanding 
elements  relative  to  the  pressure  in  contracting  elements  in  order  to  stabilize  the  response  of  the 
soft  body  (to  keep  it  from  flying  apart).  Martin’s  pressure- volume  relationship  [7]  is  somewhat 
different  from  that  of  equations  (15)  and  (16),  but  his  basic  approach  is  to  reduce  the 
compression-induced  pressure  of  an  element  which  is  expanding  to  1/3  the  value  of  an  element 
which  is  contracting.  For  that  reason,  two  different  bird  models  arc  investigated  here:  i)  an 
"Undamped  model"  for  which  Kt=Klt  and  ii)  a  "Damped  model"  for  which 

Results  Presentation  Parameters 


A  few  parameters  are  described  here  which  are  used  in  assessing  the  performance  of  the 
various  bird  models.  These  parameters  are  geared  toward  the  nominally  axisymmetric  impact 
event  modelled  here,  namely  a  circular  cylinder  impacting  a  rigid  wall  end-on.  It  is  assumed  that 
the  rigid  wall  target  lies  in  the  z-0  plane,  and  that  coordinates  (x,y)  or  (r,8)  are  measured  with 
respect  to  the  impact  center.  The  cumulative  impulse  I(t)  is  given  by 

/(0=Jo'  JA  p{x,y,t)  dA  dt  (18) 

where  p{x,y,t)  is  the  contact  pressure.  (The  contact  forces/pressures  computed  in  an  analysis  are 
extremely  spiky  with  respect  to  time;  the  integration  used  in  equation  (18)  provides  a  variable 
which  is  much  easier  to  interpret.)  In  the  results  presented,  (-0  corresponds  to  the  initial  impact. 


Two  additional  parameters  are  used  in  order  to  quantify  the  "spreading"  of  the  bird  during 
impact.  These  are  called  "radial  moments  of  impulse"  HI  and  H2,  and  are  defined  by 


[HI,  H2]  =j‘j  jA  p(x,y,t )  [r,  r2]  dA  dt  (19)  ^  „ 

where  tt  is  the  time  at  the  end  of  impact.  Because  of  the  weighting  of  the  pressure  by  r  or  r2,  the 
more  the  bird  has  spread,  the  larger  the  measures  Hi  and  H2  become.  Normalized  values  for  the 
radial  moments  of  impulse  are  used  for  actual  presentation  of  results:  > 


HI  ;  H2  £L_ 

J(lf)  R  I(tf)  R2 


(20) 


RESULTS  AND  DISCUSSION 


Description  of  Test  Case 

A  standard  test  case  was  used  for  all  results  presented  here.  The  bird  mode!  is  a  right 
circular  cylinder  with  a  length  L=6  in.,  diameter  D=  3.5  in.,  and  mass  m=,005126  lbs.-sec.2/in.= 

2  lbm..  The  initial  velocity  is  V=300  kts.  (6076  in./sec.),  and  the  cylinder  impacts  a  rigid  wall 
end-on.  The  resulting  impact  event  is  nominally  axisymmetric,  although  the  finite  element  models 
are  three-dimensionai.  For  the  tetrahedrai-eiement  models,  the  quarter-cylinder  model  of  Figure 
1  is  used  (except  where  otherwise  noted).  For  Martin  models,  the  half-cylinder  model  of  Figure 

3  is  used  (except  where  other  wise  noted). 

All  analytical  results  are  referred  to  full-cylinder  values.  The  reference  impulse  value  is 
the  initial  momentum  of  the  model,  Mnl=mV=  31.1  Ib.-sec..  The  reference  time  is  the  nominal 
"squash-up"  time,  rref=L/V=0.00099  sec.. 

Standard  In-House  Bird  Models 

The  first  models  investigated  are  three  tetrahedral-element  models  representative  of  bird 
models  which  have  been  used  at  the  University  of  Dayton  Research  Institute  (UDR1)  in  birdstrike 
investigations.  These  all  use  the  elastic-plastic  material  model.  As  mentioned  previously,  these 
models  use  the  pressure-volume  relationship  of  water  for  compressed  elements  (see  equations  (6- 
8)  and  the  accompanying  discussion).  Other  material  parameter  values  include  G=3000  psi., 
oy=3000  psi.,  and  H- 300  psi.,  and  three  different  values  for  cu  corresponding  to  three  named  bird 
models.  The  values  for  cru  and  the  corresponding  values  of  plastic  strain  ep  (defined  in  Figure  2) 
are  indicated  in  Table  1  for  the  three  bird  models.  The  parameter  values  noted  here  were  selected  *>  * 

without  any  particular  quantitative  basis,  except  that  they  provid  impact  simulation  results  which 
appear  to  be  reasonable,  and  the  relative  values  of  the  parameters  give  the  ability  to  adjust  the 
plastic  strain  at  failure  in  the  manner  indicated.  The  lack  of  a  better  quantitative  bases  for  the 
parameter  values  was  part  of  the  motivation  for  the  current  study. 
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Name 

ou 

n 

"Weak  Bird" 

3000 

0 

"Semi-Strong  Bird" 

3100 

33  % 

"Strong  Bird" 

4500 

500  % 

Table  1.  Ultimate  stress  and  plastic  strain  levels  for  three  standard  in-house  bird  models. 


Visualizations  of  impact  simulations  at  five  time  steps  are  shown  in  Figure  4  for  each  of 
the  standard  in-house  bird  models.  Nodes  which  have  been  freed  by  element  failures  are  depicted 
as  small  isolated  circles.  A  remarkable  variety  in  the  responses  of  the  three  models  is  apparent. 
As  each  element  layer  of  the  Weak  bird  impacts  the  wall,  the  element  layer  is  quickly  deleted 
due  to  predicted  material  failure.  As  a  result  of  the  loss  of  effective  material  volume  which 
accompanies  element  deletion,  there  is  very  little  spreading  induced,  and  the  entire  bird  collapses 
against  the  wall  with  little  outward  momentum.  With  the  Semi-Strong  bird,  there  is  some  degree 
of  outward  momentum  (spreading)  induced  as  elements  contact  the  wall,  but  the  elements  are 
deleted  before  the  spreading  is  significant.  The  energy  absorbed  during  material  deformation  is 
significant,  because  at  the  end  of  the  impact  event,  a  large  chunk  of  the  cylinder  remains  against 
the  wall  with  zero  velocity.  With  the  Strong  bird,  there  is  significant  spreading,  and  indeed  the 
plastic  strain  to  failure  is  so  large  that  the  momentum  is  absorbed  with  the  failure  of  a  single 
element.  The  deformed  bird  actually  bounces  off  the  wall  with  a  small  amount  of  reverse 
velocity.  None  of  the  three  standard  bird  models  exhibits  the  fluid-like  behavior  expected  based 
on  the  conclusions  of  [2-6]  noted  in  the  introduction. 

Plots  of  normalized  cumulative  impulse  versus  normalized  time  for  the  three  standard  bird 
models  are  included  at  the  bottom  of  Figure  4.  Both  the  Weak  and  Semi-strong  model  are 
successful  in  recapturing  the  initial  momentum  in  terms  of  total  impulse,  and  both  models 
complete  the  impact  event  at  the  approximate  time  t=tKV  In  contrast,  the  Strong  model 
accumulates  a  total  impulse  in  excess  of  the  initial  momentum,  because  of  the  "bounce"  which 
it  exhibits,  and  the  impact  duration  is  only  about  60%  of  the  expected  value.  The  stairway  profile 
for  the  Weak  bird  clearly  reflects  the  sharp  contact-load  spike  associated  with  the  impact  of  an 
element  layer  and  subsequent  failure  of  all  elements  in  the  layer.  The  Semi-Strong  model  also 
reflects  an  extremely  spiky  contact  force  history,  though  it  is  irregular  compared  to  the  Weak 
model  behavior.  The  spiky  contact  forces  for  the  Weak  and  Semi-Strong  models  are  not 
consistent  with  fluid-like  bird-model  response  which  is  sought. 

Flattening-Limited  Element  Models 

As  discussed  earlier,  a  viscous-fluid  material  model  is  available  within  X3D,  and  this 
model  should,  ostensibly,  provide  the  fluid-like  bird-model  behavior  which  is  sought.  However, 
the  finite  elements  use  a  Lagrangian  reference  frame;  this  means  that  the  elements  move  with  the 
fluid  material  and  are  thus  subjected  to  extrenr-  element  distortion  which  ultimately  causes 
numerical  failure.  Because  of  this  fact,  an  effort  was  made  to  establish  a  set  of  parameter  values 
which  could  be  used  with  one  of  the  existing  material  models  (thus  allowing  a  quick  proof-of- 


concept)  to  create  tetrahedral  elements  with  the  following  two  characteristics:  i)  the  elements 
should  simulate  low-viscosity  fluid  behavior,  and  ii)  the  element  material  should  "fail"  (and  the 
element  deleted  from  the  finite-element  model)  before  the  element  distortion  becomes  so  large 
as  to  cause  numerical  failure. 

The  elastic-plastic  solid  material  model  discussed  previously  has  a  stress-based  material 
failure  criterion  available,  so  this  feature  is  exploited  in  order  to  effect  the  element  deletion  which 
is  sought.  Limited  fluid-like  behavior  can  be  simulated  with  this  material  model  by  setting  the 
shear  modulus  <7  to  a  sufficiently  low  number.  In  order  to  specify  a  measure  of  element  distortion 
at  which  an  element  is  deleted,  the  following  procedure  is  used.  The  yield  stress  oy  is  set  equal 
to  the  ultimate  stress  ou  in  all  cases,  so  that  the  plastic  hardening  does  not  come  into  play.  The 
value  of  au  is  set  so  that  in  an  incompressible  squashing  of  the  material  in  one  direction  (with 
expansion  of  the  material  in  the  remaining  two  directions)  the  material  fails  at  a  pre-specified 
value  of  flattening  /,  defined  by 

/■-  hfaU  (21) 

^  initial 

where  h  is  the  dimension  of  a  material  element  in  the  direction  of  the  squashing.  The 
corresponding  value  of  ultimate  stress,  derived  in  the  Appendix,  is  given  by 

o^=3(71n(l//)  (22) 

Impact  simulations  were  performed  with  the  flattening-limited  tetrahedral  element  bird 
models  for  a  range  of  values  of  /.  For  comparison  purposes,  an  impact  simulation  was  performed 
with  a  viscous-liquid  bird  model,  using  a  dynamic  viscosity  value  ten  times  that  of  water. 
Visual izations  of  impact  simulations  with  the  liquid  bird  model  and  with  flattening-limited 
element  models  for  f~lUQ  and  f-113  are  shown  in  Figure  5.  The  liquid  model  experiences 
numerical  failure  at  a  normalized  time  of  0.8,  due  to  the  extreme  element  distortion  which 
develops.  For  the  f-1/10  flattening-limited  elements,  the  response  looks  similar  to  that  of  the 
liquid  bird,  but  the  deletion  of  the  elements  associated  with  material  "failure"  prevents  numerical 
problems.  The  ft*  1/3  flattening  limited  element  mode!  behaves  similarly  to  the  f-1110  model, 
except  that  the  earlier  element  failures  appear  to  reduce  tire  spreading  somewhat.  A  plot  of 
normalized  cumulative  impulse  versus  normalized  time  for  the  three  models  is  shown  in  Figure 
6.  The  curves  for  the  liquid  model  and  the  f-1110  model  are  very  similar  up  to  the  point  of 
numerical  failure  of  ihe  liquid  model,  and  these  curves  are  much  smoother  than  the  curves  for 
the  Weak  and  Semi-Strong  standard  models,  indicating  a  smoother  contact-force  history.  The 
curve  for  f-1/3  is  less  smooth  than  the  curve  for  f-l/10,  but  is  still  smoother  than  the  curves  for 
the  Weak  and  Semi-Strong  standard  models. 

The  normalized  radial  moments  of  impulse  for  several  flattening-limited  element  models 
are  plotted  versus  /  in  Figure  7.  It  was  expected  that  the  normalized  moments  would  vary 
monotonically  with/,  but  they  actually  oscillate  somewhat;  nonetheless,  the  normalized  moments 
generally  increase  with  decreasing  /  indicating,  as  expected,  increased  "spreading"  as  greater 
element  flattening  is  allowed.  Assuming  that,  for  small  values  of /,  the  radial  moments  of  impulse 
are  close  to  physically  realistic  values,  the  results  shown  in  Figure  7  are  used  to  establish 


reference  values  Hlrrj=0.98  and  H2rej=1.33  for  comparison  with  other  results. 

The  regimes  of  initial  shock  loading  and  the  steady-flow  loading  are  generally  treated 
independently  in  the  basic  literature  [2-6],  so  exerimentai  data  have  not  been  located  which  are 
directly  suitable  for  computing  Hi  and  H2.  However  to  provide  some  measurement-based  values 
for  comparison,  nondimensionalized  steady-flow  radial  pressure  distributions  from  gelatin-bird 
impact  tests  from  Figure  3.11  of  [3]  were  used  to  compute  the  radial  moments  of  impulse,  <md 
these  values  are  indicated  in  Figure  7.  These  radial  moments  are  shown  as  ranges,  reflecting  the 
uncertainty  in  the  pressure  distribution  at  large  radius  values.  The  selected  reference  values  of 
the  radial  moments  are  somewhat  lower  than  the  steady-flow-based  values;  however  this  is 
appropriate  because  the  reference  values  include  the  contribution  of  the  initial  shock  loading 
which  occurs  before  significant  spreading  takes  place. 

A  comparison  of  the  normalized  radial  moments  of  impulse  of  the  Weak  and  Semi-Strong 
standard  models  with  the  reference  values  from  Figure  7  is  presented  in  Figure  8.  The  radial 
moments  of  impulse  of  the  standard  models  fall  significantly  below  the  reference  values.  This 
gives  quantitative  evidence  that  the  two  standard  models  exhibit  inadequate  spreading  on  impact, 
am  these  models  can  be  expected  to  produce  a  load  footprint  on  a  target  structure  which  is 
somewhat  smaller  and  more  concentrated  than  would  occur  in  reality.  Results  from  a  refined-grid 
Semi-Strong  bird  model,  for  which  the  nominal  element  dimensions  were  reduced  by  1/3,  are 
included  in  Figure  8.  These  results  agree  closely  with  the  results  for  the  baseline  Semi-Strong 
model. 


The  results  presented  here  support  the  use  of  flattening-limited  elements  in  preference  to 
the  standard  in-house  bird  models.  However,  in  some  cases  there  is  a  penalty  for  using  the 
flattening-limited  elements.  As  a  tetrahedral  element  is  flattened  or  distorted,  the  element’s 
natural  frequency  is  generally  increased.  Because  the  highest  natural  frequency  of  all  elements 
in  the  model  is  used  to  set  the  time  increment  per  equation  (4),  the  flatter  an  element  is  allowed 
to  become  the  smaller  the  time  increment  may  become.  This  directly  affects  the  computational 
expense  of  an  analysis  which  spans  a  particular  time  interval.  (Whether  or  not  the  bird  elements 
actually  determine  the  allowable  time  increment  depends  on  the  rest  of  the  finite  element  model.) 
It  would  thus  be  advisable  to  use  the  largest  value  of  f  (the  least  flattening)  judged  to  be  accurate 
based  on  Figure  7,  perhaps  a  value  of  0.2  or  0.25  .  An  alternate  approach  to  flattening-limited 
elements  would  be  to  delete  bird-model  elements  whose  natural  frequency  exceeded  a  specified 
value.  This  method  has  the  advantage  that  it  weeds  out  the  occasional  element  which  is  much 
higher  in  natural  frequency  than  all  others. 

Martin  Soft-Body  Model 

Visualizations  of  impact  simulations  using  the  Undamped  and  Damped  Martin  bird  models 
are  presented  in  Figure  9.  As  expected,  the  Undamped  model  exhibits  inappropriate  behavior,  the 
outer  layer  of  elements  is  expelled  upon  impaci,  and  the  model  in  general  seems  to  expand  too 
much.  The  Damped  model  appears  to  have  qualitatively  correct  behavior.  However,  whereas  the 
initial  outward  expansion  of  the  liquid  element  bird  model  is  concentrated  near  the  wall  (see 
Figure  5),  the  Martin  model  seems  to  expand  outward  along  much  of  its  length. 
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The  cumulative  impulse  histories  of  the  two  Martin  bird  models  and  two  flattening-limited 
element  models  are  plotted  in  Figure  10.  The  Undamped  Martin  model  has  not  recaptured  its 
initial  momentum  (in  terms  of  impulse)  in  the  plotted  time  range,  and  appears  unlikely  to  do  so. 
The  Damped  Martin  model  recaptures  most  of  its  initial  momentum,  although  the  impact  duration 
somewhat  exceeds  the  nominal  value  of  *«tf  There  is  a  large  initial  build-up  of  impulse  for  the 
Martin  models  as  compared  to  the  tetrahedral-element  models;  the  Damped  Martin  model 
accumulates  37%  normalized  impulse  in  the  first  tenth  of  the  nominal  impact  duration,  compared 
with  18%  for  the  flattening-limited  element  models.  The  following  explanation  is  offered  for  this 
behavior:  because  of  the  initial  closest-packing  of  the  spherical  elements,  the  inclination  of  the 
forward  elements  to  splay  outward  upon  impact  is  suppressed  by  a  resistance  to  material  shearing 
caused  by  mechanical  interference  associated  with  the  closest-packed  configuration.  In  order  for 
the  forward  elements  to  expand  outward,  there  must  be  a  genera!  expansion  of  the  body  along 
the  length.  This  is  exactly  the  behavior  noted  in  the  previous  paragraph  based  on  impact 
visualizations. 

The  normalized  radial  moments  of  impulse  for  the  Martin  bird  models  are  compared  with 
the  reference  values  in  Figure  11.  The  values  for  the  Damped  model  match  very  closely  the 
reference  values,  indicating  that,  in  a  time-averaged  sense,  the  Damped  Martin  model  spreads  in 
the  desired  manner.  Results  are  also  presented  in  Figure  11  for  a  refined  Damped  model  which 
used  840  elements/nodes  as  opposed  to  344  for  the  baseline  model.  The  radial  moments  of 
impulse  for  the  two  models  agree  closely. 

An  attraction  of  the  Martin  bird  mode!  compared  with  the  conventional  tetrahedral 
element  models  is  that  the  volume  loss  associated  with  deletion  of  tetrahedral  elements  is 
avoided.  The  model  is  difficult  to  assess  in  theoretical  terms,  because  it  does  not  have  quantified 
continuum  properties  outside  of  the  pressure-volume  relationship,  and  because  it  requires  input 
parameters,  such  as  the  damping  ratio  and  the  search  radius,  which  have  no  direct  physical 
meaning.  The  Damped  Martin  model  seems  to  spread  in  the  desired  manner,  but  there  is  other 
evidence  that  the  expected  fluid-like  behavior  is  not  closely  represented.  It  may  be  possible 
through  experimentation  to  determine  input  parameter  values  which  improve  the  response  of  the 
model. 


CONCLUDING  REMARKS 


Summary 

An  analytical  assessment  of  bird  models  used  in  finite-element  impact  simulations  was 
conducted  by  performing  high-speed  rigid-wall  impact  simulations  and  inspecting  the  qualitative 
bird-model  behavior  and  the  contact  pressure  results.  Bird  models  considered  included  solid 
tetrahedral-element  models  with  a  variety  of  materia!  properties,  and  the  Martin  spherical-element 
model.  Based  on  this  study,  several  observations  are  made. 

1.  The  standard  in-house  bird  models  used  at  UDRI  incorporate  a  shear  modulus  value  which 
is  too  large,  thus  precluding  the  liquid-like  behavior  expected  in  a  high-speed  impact.  The 
weaker  two  models  of  the  three  considered  experience  early  element  deletion  (associated  with 
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predicted  material  failure)  which  prevents  the  expected  spreading  of  the  bird  model  as  is 
squashes  against  the  impact  surface.  The  strong  bird  model  suffers  no  material  failure,  and 
actually  bounces  off  the  impact  surface,  which  is  not  consistent  with  experimental 
observations. 

2.  Material  property  values  were  established  for  a  flattening-limited  tetrahedral  element  model 
which  behaves  similar  to  a  liquid,  except  that  material  "failure"  occurs  for  highly  flattened 
or  distorted  elements,  leading  to  their  deletion  from  the  model  before  numerical  problems 
occur.  This  model  appears  to  exhibit  more  realistic  behavior  than  the  standard  in-house 
models,  and  is  recommended  for  use  in  conjunction  with  a  flattening  limit  of  0.2  to  0.25  .  The 
drawback  of  this  model  is  a  possible  decrease  in  the  mean  time  increment  used  between  time 
steps  in  the  dynamic  analysis. 

3.  The  damped  Martin  spherical-element  model  exhibits  some  aspects  of  the  qualitative  behavior 
which  is  sought,  but  some  quantitative  results  for  the  model  are  at  odds  with  results  obtained 
using  continuum-based  finite-element  representations. 

Future  Work 


Future  work  on  this  topic  is  planned  at  UDRI  in  the  following  areas: 

1.  Reduce  the  contact-force  spikes  caused  by  the  sudden  velocity  correction  when  a  node  (with 
finite  mass)  penetrates  a  contact  surface.  Do  this  by  imposing  the  contact  constraint  gradually 
in  a  buffer  zone  above  the  contact  surface,  i.e.,  by  regularizing  the  constraints. 

2.  Investigate  the  influence  of  air  compressibility  in  a  10%  porous  bird  material. 

3.  Establish  realistic  strength  properties  for  various  soft-body  materials  (bird  tissue,  gelatin,  etc.) 

4.  Explore  the  performance  of  the  Martin  model  with  different  parameter  values,  different  initial 
packing,  etc. 

5.  Further  assess  bird  models  through  simulations  of  oblique  impacts,  and  using  deformable 
targets. 
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APPENDIX  •  Ultimate  Stress  for  Flattening-Limited  Elements 

Consider  an  element  of  material  which  is  initially  undeformed  with  uniform  dimensions 
axaxa.  The  element  undergoes  an  incompressible  flattening  in  the  z-dirtction  and  uniform 
expansion  in  the  x-  and  y-directions,  so  that  the  deformed  dimensions  are  given  by 

a(-Lx-Lxf )  (Al) 

•If  € 


where  is  now  a  variable  flattening  measure  which  is  initially  unity.  The  von  Mises  effective 
stress  oe  corresponding  to  this  flattening  is  now  computed,  because  this  value  is  compared  against 
the  material  ultimate  stress  in  order  to  predict  failure  in  the  X3D  code. 

Define  x,  X,  and  u  to  indicate  the  vectors  of  spatial  coordinates,  material  coordinates, 
and  displacements,  respectively,  in  a  Lagrangian  reference  frame,  so  that 

jc-X+u  (A2) 


The  displacement  fild  -.or  the  problem  defined  is  given  by 
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Velocities  are  defined  by 


(A3) 


(A4) 


For  the  incompressible  case  here,  the  rate-of-deformation  tensor  components  di:  and  their 
deviatoric  contributions  d'j  are  identical,  and  are  given  by  [1] 


,  li 

V  V  1 


/ 


dV;  dVj 


dx. 
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For  the  rotation-free  case  under  consideration,  the  deviatoric  stresses  are  governed  by  [1] 


dt 


(A6) 


and  the  deviatoric  stresses  can  be  evaluated  in  terms  of  the  flattening  /  using  the  equation 


subject  to  f-1  at  t-0.  The  von  Mises  effective  stress  oe  is  defined  as  [1] 


3/2  o*j  at 

where  summation  over  the  repeated  indices  is  implied. 


(A8) 


When  the  equations  given  above  are  used  to  evaluate  oe  for  the  displacement  field  initially 
described,  it  is  found  that 

a6  =3  G  ln(l// )  (A9) 

Based  on  this  result,  the  ultimate  stress  is  specified  according  to  the  desired  flattening  limit/and 
the  specified  shear  modulus  G  using  the  following  equation: 

aw=3Gln(l//)  (A10) 
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Figure  1 .  Quarter-cylinder  tetrahedral-element  bird  model,  480  elements, 
171  nodes  (used  with  two  symmetry  planes). 


Figure  2.  Schematic  stress-strain  curve  for  the  elastic-plastic  material  model. 


Figure  3.  Half-cylinder  spherical-element  bird  model,  344  elements/nodes 
(used  with  one  symmetry  plane). 
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Figure  8.  Comparison  of  normalized  radial  moments  of  impulse  of  UDRI  standard 
in-hoose  bird  models  with  reference  values. 
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Figure  9.  Visualizations  of  impact 
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Figure  11.  Comparison  of  normalized  radial  moments  of  impulse  of  Martin  bird 
models  with  reference  values. 
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ABSTRACT 

Over  20  percent  of  all  U.S.  Air  Force  (USAF)  birdstrikes 
occur  during  low-altitude,  high  speed  training  flights.  These 
low-level  birdstrikes  are  usually  the  most  damaging  in  terms  of 
aircraft  damage  and  loss  of  aircrews.  Since  1987,  these 
birdstrikes  have  resulted  in  the  loss  of  nine  aircraft  and  six 
aircrew  fatalities  and  an  average  annual  cost  of  over  $45  million 
during  low-level  and  range  training  flights. 

The  4-pound  (1.8  kg)  bird  is  usually  considered  the  design 
standard  for  the  aircraft  structures  and  transparency  systems. 

The  4-pound  birdweight  distribution  represents  approximately  95 
percent  of  all  recorded  birdstrikes  (pre-1970)  which  were 
collected  during  a  joint  study  by  the  USAF  and  the  Federal 
Aviation  Administation.  The  bird  Aircraft  Strike  Hazard  (BASH) 
Team  collects  data  from  both  damaging  and  non-damaging  bird 
strikes.  These  data  are  used  to  identify  installations  with 
hazardous  wildlife  hazard  trends,  develop  local  control 
procedures,  and  as  a  baseline  for  bird  avoidance  modelling. 

The  objective  of  this  study  is  to  "eassess  the  birdweight 
distribution  for  low-level  birdstrikes.  Analysis  of  the  data 
extracted  from  the  database  from  1985-1592  for  strikes  occurring 
during  high  speed,  low-level  flight  and  with  identified  bird 
species  and  weights  produces  a  cumulative  distribution  frequency 
curve  that  strongly  supports  using  a  4.5  pound  test  standard. 


BACKGROUND 

Each  year  the  Air  Force  reports  approximately  3,QGG  bird 
strikes  to  aircraft  worldwide.  Since  1987  these  strikes  have 
resulted  in  the  loss  of  nine  aircraft,  six  aircrew  fatalities, 
and  an  average  annual  cost  of  over  $45  million.  The  Bird 
Aircraft  Strike  Hazard  (BASH)  Team  collects  data  from  both 
damaging  and  non-damaging  bird  strikes.  These  data  are  used  to 
identify  installations  with  hazardous  wildlife  hazard  trends, 
develop  local  contro.l  procedures,  and  as  a  baseline  for  bird 
avoidance  modelling.  The  data  are  also  helpful  in  assessing 
damage  to  various  aircraft  components  such  as  engines  and 
windshield/ canopy  systems. 

A  four  pound  bird  strike  capability  has  long  been  the 
standard  maximum  bird  weight  for  testing  aircraft  components. 

The  four  pound  weight  distribution  represents  approximately  95 
percent  of  all  recorded  bird  strikes  (pre-1970)  collected  during 
a  joint  study  by  the  U.S.  Air  Force  and  the  Federal  Aviation 
Administration.  Also,  about  95  percent  of  bird  species  in  North 
America  weigh  less  than  4  pounds. 

The  bird  strike  records  supporting  the  four  pound  criteria 
were  scanty  with  regards  to  species  struck  as  well  other-  aspects 
of  the  incident.  The  pre-1970  bird  strike  sample  included 
mishaps  near  airfields  where  aircraft  operations  and  (in  general) 
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Different  bird  behaviors  or  population  distribution  dynamics 
could  affect  the  type  and  weights  ol:  birds  struck. 

A  study  conducted  in  1990  by  the  second  author  (and  reported 
at  the  20th  Bird  Strike  Committee  Europe,  Helsinki,  Finland) 
of  over  700  low-level  bird  strikes  found  a  significant  difference 
in  the  bird  weight  freguency  distribution  when  comparing  all 
phases  of  military  aircraft  operation  and  low-level  only  (Figure 
1) .  The  bird  weight  frequency  distribution  showed  a  much  flatter 
curve  indicating  that  heavier  birds  are  hit  more  often  during 
low-level  operations.  Also,  there  vas  a  significant  difference 
between  the  F-4  and  B-52  bird  weight  distributions  that  could  be 
attributed  to  mission  differences.  Bomber  aircraft,  such  as  the 
B-52,  fly  longer,  further,  and  more  night  missions  than  fighter 
aircraft  (e.g,;  F-4)  which  exposes  them  to  heavier  birds. 

An  analysis  of  data  extracted  from  the  USAF  bird  strike- 
database  for  1985-1992  was  conducted  to  examine  bird  strikes  that 
occur  during  low-level  flight  operations.  The  low-level  flight 
phase  was  chosen  because  it  represents  the  worst  case  scenario 
for  energy  impacts  due  to  the  high  speed  of  the  aircraft.  Only 
bird  strikes  with  identified  species  (and  thus  weights)  weie 
included  in  the  analysis.  A  sample  for  402  bird  strikes  were 
analyzed  using  Statistical  Analysis  System  software.  The  mean 
weight  of  birds  struck  was  46.3  ounces  (std  dev  =  38.58  oz.),  the 
median  weight  was  40  ounces  and  the  mode  was  72  ounces  (Table  1) . 
A  cumulative  freguency  plot  (Figure  2)  shows  a  sharp  break  at  64 
ounces  (a  weight  represented  by  the  Double-Crested  Cormorant)  and 
at  72  ounces  (representing  Black  Vultures  and  Turkey  Vultures) , 


A  significant  shift  in  frequency  occures  between  the  weight  range 
of  64  ounces  or  less  (54.5%)  and  72  ounces  or  less  (94.5%). 

CONCLUSIONS 

These  data  clearly  reflect  the  importance  of  the  72  ounce 
bird  as  a  basis  for  aircraft  component  testing.  Birds  in  the  72 
ounce  weight  class  (n-160)  accounted  for  39.8  percent  of  all 
birds  struck  during  low-3 evel  flight.  These  data  also  reflect 
the  altitudinal  distribution  by  weight  class:  large,  birds  such 
as  vultures  use  thermal  lift  for  soaring  and  subsequently  have 
greater  exposure  to  aircraft  flying  low-level  missions.  Analysis 
of  data  collected  from  the  most  current  bird  strike  database 
clearly  support  tlxe  use  of  a  4.5  pound  standard  as  a  minimun  for 
aircraft  that  fly  low-level  missions. 
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ABSTRACT; 


¥  *■ 


Turkey  Vultures  (TV)  ( Cathartes  aura )  have  accounted  for  approximately  twenty  percent 
of  all  USAF  damaging  bird  strikes  from  1985-1992  resulting  in  the  loss  of  two  aircraft, 
one  pilot  fatality,  and  more  than  21  million  dollars  in  damage.  The  majority  of  these 
strikes  (72.5%)  have  occurred  during  the  low-level  phase  of  flight.  The  pilot  fatality  and 
the  loss  of  an  F-16  aircraft  resulted  from  windscreen  penetrations  (1.2%  of  total  TV 
strikes).  Bird  avoidance  during  low-level  training  can  reduce  the  exposure  of  aircraft 
components  to  bird  species  such  as  the  Turkey  Vulture  (4.5  lbs.),  which  surpass  the 
standard  bird  weight  used  for  windshield  development.  Bird  avoidance  is  based  on  an 
understanding  of  the  behavior  patterns  of  hazardous  bird  species.  These  patterns  have 
not  been  adequately  studied  for  Turkey  Vultures.  The  USAF  BASH  Team  has  proposed 
research  to  study  the  long-distance  seasonal  movement  patterns  and  altitude  distribution 
of  Turkey  Vultures  using  satellite  telemetry.  The  ARGOS  Data  Collection  and  Location 
System  will  be  used  to  gather  remote  data.  Meteorological  data  will  be  collected  to 
evaluate  the  impacts  of  weather  on  TV  movements  and  altitudes  of  flight.  Additionally, 
correlation  between  TV  movements  and  habitat  and  topographic  variables  will  be 
examined.  These  data  will  be  integrated  with  additional  geophysical  and  biological  data 
on  a  Geographic  Information  System  (GIS)  to  improve  the  USAF  BASH  Team’s  Bird 
Avoidance  Model  (BAM).  Component  design  and  bird  avoidance  are  integral  in 
protecting  mission  resources  during  low-level  operations. 


Each  year  the  U.S.  Air  Force  reports  more  than  three  thousand  bird  strikes  resulting  in 
approximately  sixty-five  million  dollars  a  year  in  damage.  Based  on  microscopic 
identification  of  bird  strike  remains  from  1985-1992,  twenty  percent  of  all  damaging  bird 
strikes  (>$10,000)  have  been  found  to  involve  Turkey  Vultures.  Most  of  these  damaging 
strikes  (72.5  %)  occurred  during  the  low-level  phase  of  flight.  Current  mission  emphasis 
on  low-altitude,  high  speed  training  flights  has  significantly  increased  aircrew 
vulnerability  to  serious  bird  strike  mishaps.  Aircraft  collisions  with  Turkey  Vultures  have 
resulted  in  the  loss  of  two  aircraft  and  one  pilot  fatality  since  1989.  One  of  these  aircraft 
losses  and  the  pilot  fatality  were  due  to  windscreen  penetrations  during  low-level 
operations.  Bird  avoidance  during  low-level  flights  can  reduce  the  exposure  of  aircraft 
components  to  bird  species  such  as  the  Turkey  Vulture,  which  exceed  the  standard  bird 
weight  used  for  windshield  development. 

The  Bird  Avoidance  concept  is  based  upon  an  understanding  of  the  behavior  patterns  of 
hazardous  bird  species.  The  reproductive  biology,  foraging  behavior  and  flight  strategies 
of  both  migratory  and  resident  birds  must  be  examined  in  great  detail  for  each  species. 
Bird  behavior  is  often  predictable  and  once  the  factors  influencing  that  behavior  are 
identified,  bird  avoidance  measures  can  be  implemented  to  reduce  the  bird  strike  hazard 
potential  These  influences  have  not  been  adequately  studied  for  Turkey  Vultures. 

DISCUSSION; 


The  USAF  BASH  Team  has  proposed  research  to  study  the  long  distance  seasonal 
movement  patterns  and  altitude  distribution  of  Turkey  Vultures  using  satellite  telemetry. 
The  ARGOS  Data  Collection  and  Location  System  will  be  used  to  monitor  up  to  ten 
birds  for  up  to  one  year.  Bird  locations  will  be  determined  from  calculations  of  the 
doppler  shift  associated  with  the  satellite’s  movement  past  the  transmitter.  Transmitters 
will  be  modified  to  incorporate  altimeters  that  will  be  used  to  determine  the  bird’s 
altitude  above,  ground  level  (AGL)  at  each  location.  Meteorological  data  will  be 
collected  to  evaluate  the  impacts  of  weather  phenomena  on  vulture  movements  and 
altitudes  of  flight.  Additionally,  relationships  between  vulture  movements  and  habitat 
and  topographic  variables  will  be  examined.  Significant  data  will  be  integrated  with 
existing  geophysical  and  biological  data  in  the  USAF  BASH  Team’s  Bird  Avoidance 
Model  (BAM)  on  a  Geographic  Information  System  (GIS).  The  BAM  is  designed  to 
calculate  the  relative  risk  for  an  aircraft  collision  with  a  bird.  Risk  is  calculated  based 
on  population  density,  bird  weight,  and  specific  flight  behaviors.  The  temporal  aspects  of 
hazard,  including  time  of  year  (seasonal  variation)  and  time  of  day  (diurnal  variation) 
with  altitude  distribution  for  each  temporal  component,  is  incorporated  into  the  risk 
assessment.  These  Turkey  Vulture  behavioral  data  will  fill  the  largest  data  gap  that  has 
been  identified  (USAF  BASH  Team)  in  the  new  Bird  Avoidance  Model. 
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ABSTRACT 

A  round  robin  testing  study  was  conducted  to  determine  the 
precision  and  accuracy  of  a  test  method  used  to  measure 
multiple  images  in  aircraft  transparencies.  A  total  of  12 
measurement  technicians  from  6  laboratory  facilities  served 
as  subjects.  Stimulus  materials  for  this  suudy  were  four  8  x 
10,  black  and  white,  multiple  imaging  photographs  which 
represented  4  different  camera-to-array  distances  -  15,  23, 

23.5  and  25  feet.  Each  photo  was  created  by  photographing  a 
light  array  of  known  size  at  a  specified  distance  from  the 
design  eye  position  of  the  windshield.  The  subject's  task 
included  (1)  determining  a  scale  factor  (used  to  relate 
linear  distances  on  the  photograph  to  actual  angular 
distances  as  seen  from  the  design  eye  position)  for  each  of 
the  4  photos  to  be  measured  and  (2)  making  linear 
measurements  in  millimeters  (mm)  for  each  light  on  the 
photograph  to  determine  the  separation  between  the  secondary 
and  primary  images .  The  linear  measurements  were  made  using 
a  pair  of  digital  calipers.  All  subjects  were  carefully 
instructed  on  how  to  calculate  the  scale  factor,  how  to  use 
the  digital  calipers,  and  the  manner  in  which  they  were  to 
make  the  linear  measurements,  from  the  "center"  of  the 
secondary  image  to  the  "center"  of  the  primary  image. 

Subjects  measured  each  photo  twice  so  that  a  determination  of 
the  repeatability  of  their  measurements  could  be  made. 

Subject  performance  was  evaluated  with  respect  to  the 
performance  of  two  measurement  technicians  who  were  highly 
skilled  and  proficient  in  using  this  measurement  technique. 
Their  scores  were  used  as  the  baseline  for  this  study. 
Findings  from  this  study  indicated  that  (1)  measurements  were 
highly  accurate,  differing  on  average  from  the  baseline  score 
by  0.37  mm,  (2)  repeatability  (precision)  was  also  high, 
scores  differing,  on  average,  between  trials  1  and  2  by  0.08 
mm,  and  (3)  the  calculated  scale  factors  were  larger,  on 
average,  by  0.24  mrad/mm,  than  the  baseline  scores. 


INTRODUCTION 


Multiple  imaging  is  caused  by  multiple  reflections  of  light 
from  external  sources  (e.g.,  runway  marker  lights  and  VASI 
lights).  As  shown  in  Figure  1,  the  light  travels  through  the 
outer  surface  of  the  windshield  to  the  inner  surface  where 
part  of  it  is  reflected  back  towards  the  outer  surface  where 
it  is  partially  reflected  back  towards  the  pilot's  eyes. 

This  process  may  occur  several  times  so  that  a  third  or 
fourth  image  may  be  visible  under  the  right  conditions.  A 
pilot  looking  through  a  windshield  under  these  conditions 
will  see  two  or  three  images  of  each  external  light  source. 

Although  multiple  imaging  occurs  both  in  the  daytime  as  well 
as  at  night,  it  is  typically  visible  only  at  night  because 
the  secondary  and/or  higher  images  are  masked  by  the  brightly 
lit  daytime  scene.  Indeed,  this  effect  might  not  be  seen, 
even  at  night,  if  the  secondary  or  higher  images  happen  to 
fall  directly  on  top  of  the  primary  image.  In  this 
situation,  there  is  no  angular  separation  so  that  the 
secondary  (and  higher)  images  cannot  be  distinguished  from 
the  primary  image  and  only  one  image  is  perceived. 

The  severity  of  the  multiple  imaging  occurring  in  a 
windshield  is  dependent  on  (1)  the  materials  involved,  (2) 
the  curvature  and  thickness  of  the  windshield,  (3)  the 
intensity  of  the  light  source,  and  (4)  the  darkness  of  the 
surroundings  around  the  light  source. 

During  late  1985  and  early  1986,  the  Armstrong  Laboratory 
developed  a  technique  for  measuring  and  determining  the 
severity  of  multiple  images  noted  in  aircraft  windshields, 
specifically  the  B-1B  windshield.  Development  of  this 
technique  was  based  on  the  two  characteristics  that  are  most 
noticeable  in  multiple  images  -  the  ratio  of  intensity  of 
the  secondary  image  to  the  primary  image  and  the  magnitude  of 
separation  between  the  secondary  and  primary  images.  Based 
on  laboratory  data  gathered  on  3  windshields  that  had  been 
removed  from  service  because  of  multiple  imaging,  the  angular 
displacement  between  the  secondary  and  primary  images  was 
selected  as  the  basis  for  this  measurement  technique  (Ref. 

1)  . 

The  measurement  technique  developed  consisted  of  the 
following  steps:  First,  a  photograph  is  taken  of  a  light 
array  (Figure  2)  of  known  size  that  is  located  at  some 
specified  distance  from  the  design  eye  position  of  the 
windshield  being  evaluated.  Second,  an  8  x  10,  black  and 
white,  matte-finished  photograph  of  the  light  array  is  used 
to  obtain  linear  measurements  of  the  image  separations  as 
well  as  for  determining  a  scale  factor.  Finally,  the  linear 


FIGURE  1.  HOW  MULTIPLE  IMAGING  OCCURS 


FIGURE  2.  LIGHT  ARRAY  POSITIONED  IN  FRONT  OF  B-1B  AIRCRAFT 


measurements  are  converted  to  angular  units  using  the  scale 
factor  obtained  in  step  2.  In  1988,  this  technique  was 
accepted  as  a  Standard  Test  Method  by  the  American  Society 
for  Testing  and  Materials  ( ASTM)  and  is  identified  as  ASTM  F 
1165-88,  "Standard  Test  Method  for  Measuring  Angular 
Displacement  of  Multiple  Images  in  Transparent  Parts"  (Ref. 
2)  . 

As  an  accepted  test  method,  this  technique  had  to  meet  an 
ASTM  requirement  that  all  test  methods  contain  a  precision 
and  bias  statement.  To  meet  this  requirement,  this  round 
robin  testing  was  conducted.  It's  purpose  was  to  determine 
the  precision  and  accuracy  of  measurements  made  of  multiple 
images  from  multiple  imaging  photographs. 


METHODOLOGY 


Sub j  ec t  s 

A  total  of  12  subjects  were  used  in  this  study.  All  were 
measurement  technicians  from  6  laboratory  facilities: 
Armstrong  Laboratory  at  Wright -Patterson  AFB ,  OH;  PPG,  Inc. 
at  Huntsville,  AL;  NORDAM.  Inc,  at  Tulsa,  OK;  Texstar,  Inc. 
at  Grand  Prairie,  TX;  Sierracm  Corp.  at  syimar,  CA;  and 
Pilkington  Aerospace  at  Garden  Grove,  CA.  Each  of  the 
facilities  provided  2  technicians.  No  attempt  was  made  to 
assess  the  experience  level  of  each  of  these  technicians 
regarding  the  measurement  of  multiple  images. 

Two  technicians  from  the  Armstrong  Laboratory  who  were  highly 
skilled  and  proficient  in  the  use  of  this  measurement 
technique  performed  the  same  task  as  our  12  subjects.  Their 
scores  served  as  the  baseline  performance  against  which 
subjects  were  evaluated. 


Stimulus  Photos  and  Equipment 

The  stimulus  material  used  consisted  of  4  multiple  imaging 
photographs.  These  were  8  x  10,  black  and  white,  matte- 
finished  photos  that  were  created  by  photographing  a  7  x  7 
light  array  grid  board  (see  Figure  2)  through  3  different  B- 
1B  windshields  from  the  design  eye  position.  Three  of  the 
photos  were  taken  in  the  windscreen  facility  at  the  Armstrong 
Laboratory  and  one  was  taken  in  the  field  at  Dyess  AFB,  TX. 
Each  photo  represented  a  different  camera-to-array  distance. 
The  distances  depicted  were  15  feet  (photo  4),  23  feet  (photo 
3),  23.5  feet  (photo  1),  and  25  feet  (photo  7).  Figure  3 
shows  all  four  of  these  photos. 


FIGURE  3.  STIMULUS  ?HOTOS  USED  IN  STUDY 


Two  pieces  of  equipment  that  made  using  this  technique 
simpler  and  easier  were  a  scientific  hand  held  calculator  and 
a  pair  of  digital  calipers  (Figure  4).  The  calculator  was 
used  to  facilitate  the  calculation  of  the  scale  factor  that 
is  used  to  convert  the  linear  measurements  made  from  each 
photo  to  angular  separations  that  are  seen  from  the  pilot's 
eye  position.  The  digital  calipers  made  the  measurement  of 
the  linear  separations  much  more  precise  and  faster. 


Procedure 

The  procedure  employed  during  the  conduct  of  this  study  was 
as  follows:  The  experimenter  traveled  to  each  of  the 
facilities  that  were  participating  in  this  study  and  spent 
approximately  3  to  4  hours  there.  He  brought  with  him  a  hand 
held  scientific  calculator,  two  pairs  of  digital  calipers, 
clear  document  protectors,  several  sets  of  the  stimulus 
photos,  and  other  necessary  items.  The  experimenter  apprised 
each  subject  of  the  purpose  of  the  study,  the  task  that  they 
were  to  perform,  how  to  use  the  digital  calipers,  how  each 
measurement  was  to  be  done,  and  most  importantly,  how  to 
calculate  the  scale  factor.  If  the  subjects  had  any 
questions,  they  were  answered  at  this  time.  Both  technicans 
at  each  facility  were  tested  at  the  same  time  in  the  same 
room.  To  combat  order,  practice  or  fatigue  ef feces,  the 
order  in  which  subjects  measured  each  of  the  4  photos  was 
counterbalanced.  Each  subject  measured  each  photo  twice  in 
order  that  we  might  be  able  to  determine  the  repeatability  of 
their  measurements.  The  following  task  was  performed  by  each 
subject : 

First,  they  were  required  to  calculate  the  scale  factor  for 
each  of  the  four  photos  in  units  of  milliradians  (mrad)  per 
mm  that  is  based  on  the  photographic  geometry  conditions  and 
the  enlargement  process.  Calculation  of  this  scale  factor 
required  the  completion  of  the  following  two  steps: 

Step  1  involved  determining  the  angular  subtense, 
in  mrad,  of  the  separation  between  5  lights  on  the  light 
array  grid  board  for  a  specified  camera-to-array  distance, 
i.e.,  15,  23,  23.5  or  25  feet. 

Step  2  involved  measuring  the  distance  between  5 
lights  on  the  photo  being  measured  in  mm.  For  purposes  of 
uniformity,  the  fourth  row  of  the  array  was  selected  for  this 
measurement.  The  distance  between  the  lights  in  column  2  and 
6  (4  segments  between  lights)  for  this  row  was  than  measured. 
The  measurement  was  made  from  the  "center"  of  the  primary 
image  of  light  2  to  the  "center"  of  the  primary  image  of 
light  6.  The  distance  measured  was  then  divided  into  the 
angular  subtense  value  obtained  in  step  1  to  determine  the 
scale  factor. 
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FIGURE  4.  PHOTO  OF  HANDHELD  CALCULATOR  AND  DIGITAL  CALIPERS 


Appendix  1  presents  a  detailed,  yet  simple,  explanation  on 
how  to  calculate  the  scale  factor. 

After  calculating  the  scale  factor  for  the  photo  being 
measured,  the  subject  than  measured  the  linear  separations 
between  the  secondary  and  primary  images  for  each  light  on 
the  photo.  The  photo  was  placed  in  a  clear  document 
protector  before  these  measurements  were  made  to  prevent  them 
from  being  scratched  or  marred  by  the  calipers.  Excluding 
the  two  topmost  rows  (rows  1  and  2),  they  were  instructed  to 
measure  all  lights  on  the  photo  which  exhibited  multiple 
imaging.  They  were  to  make  these  measurements  from  the 
"center"  of  the  secondary  image  to  the  "center"  of  the 
primary  image.  If  no  secondary  images  were  visible  or  a 
light  was  occluded,  its  position  on  the  data  matrix  sheet,  was 
left  blank  or  a  line  was  drawn  through  that  location. 


RESULTS 


As  stated  earlier,  the  accuracy  of  the  measurements  made  by 
subjects  was  determined  bv  comparing  then  performance  to 
that  of  two  highy  skilled  measurement  technicians.  Both  of 
these  technicians  were  proficient  and  experienced  in  the  use 
of  this  measurement  technique  and  had  been  making  multiple 
imaging  measurements  since  this  technique  was  first 
developed,  a  period  of  approximately  7  years.  Both  of  these 
technicians  calculated  the  scale,  factor  and  made  linear 
measurements  on  each  of  the  photos  that  were  used.  Their 
obtained  scores  were  used  as  the  baseline  scores  for  each 
photo  and  the  standard  against  which  subject  performance  was 
judged.  The  scale  factors  and  the  overall  mean  for  the 


linear  measurements  obtained  on  each  photo  by 
technicians  are  shown  in  the  Table  below. 


f 


se  two 


Table  1 

Baseline  Scores  for  Two  Highy  Skilled 
Measurement  Technician 


Photo  1 

Photo  3 

Photo  4 

Photo  7 

Scale  Factor 
'  (mrad/mm) 

2.33 

2.34 

2.32 

1 . 85 

Overall  Mean 
(mm) 

4.12 

3.66 

3 . 83 

3.04 
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object  perrcrmance  was  evaluated  using  two  performance 
measures  -  (1)  the  magnitude  of  the  difference  between  the 

calculated  scale  factors  and  the  baseline  scale  factor  and 
(2)  the  difference  between  the  overall  mean  value  (for  all 
the  linear  measurements  made  on  each  photo)  and  the  baseline 
mean  value.  Repeatability  of  the  measurements  was  determined 
by  comparing  the  overall  mean  for  the  first  trial  to  that  of 
the  second  trial  for  each  photo.  Since  we  were  concerned 
primarily  with  the  accuracy  of  the  measurements  made,  only 
the  linear  measurements  are  used  to  evaluate  performance. 

The  conversion  to  angular  separations  involved  performing  the 
mathematical  process  of  multiplying  the  linear  measurements 
by  the  scale  factor  (e.g,  multiplying  4.12  by  2.33  yields  an 
angular  separation  value  of  9.60  mrad)  .  This  step  was  not 
included  in  this  study. 

The  scale  factors  obtained  by  each  subject  for  each  photo  are 
shown  in  Table  2  along  with  the  baseline  values.  Inspection 


Table  2 

Scale  Factors  (MRAD /MM)  Calculated  By 
Each  Subject  for  Each  Photo 


Subject 

Fhoto  I 

Photo  3 

Photo  4 

Photo  7 

1 

2.33 

2.34 

2.32 

1.84 

2 

2.33 

2.34 

2.32 

1.84 

3 

2.54 

2 . 56 

2.53 

2 . 50 

4 

2.53 

2.54 

2.53 

2.49 

5 

2.03 

2.05 

2.53 

1.99 

6 

2.53 

2.05 

2.03 

2 . 00 

7 

2.55 

2 .55 

2 . 52 

2 . 48 

8 

2.53 

2.55 

2.53 

2 . 50 

Q 

2.53 

2.56 

2.53 

2 . 50 

10 

2.53 

2.55 

2.53 

2.48 

11 

2.55 

2.50 

2.54 

2 . 50 

12 

3.34 

2.55 

3.35 

2 . 50 

Mean 

2.53 

2.43 

2.52 

2 . 30 

Variance 

0.09 

0.04 

0.09 

0 . 08 

Baseline 

2.33 

2.3  4 

2.32 

1 . 85 

of  the  data  in 
the  calculated 


this  table  indicates  that  75%  (36  of  48)  of 
scale  factors  were  larger  than  the  baseline 


scale  factor  for  each  photo,  averaging  0.26  mrad'mm  rncie. 

The  data  also  indicates  that  the  variability  of  the 
calculated  scale  factors  were  quite  small ,  averaging  C.06. 

For  photo  1,  the  scale  factors  ranged  from  2.03  to  3.34  with 

a  mean  valua  of  2.53  and  a  variance  of  G.09.  For  photo  3,  • 

the  factors  ranged  from  2.05  to  2.56  with  a  mean  value  of  of 

2.43  and  a  variance  of  0.04.  Fhoto  4  ranged  from  2.03  to 

3.35  with  a  mean  value  of  2.52  and  a  variance  of  0.09  while 

photo  7  had  a  range  of  1.84  to  2.60  with  a  mean  of  2.30  and  a 

variance  of  0.08. 

To  determine  the  repeatability  of  subjects'  measurements,  the 
difference  in  linear  measurements  made  in  trial  1  versus 
trial  2  was  determined.  These  differences  are  shown  m  Table 


Table  3 


Difference 

Scores  Between  Trials  1 

and  2  for  Each 

Photo  (mm) 

Subjects 

Photo  1 

Photo  3 

Photo  4 

Photo  7 

i 

0.09 

0.11 

O.OS 

0.09 

4* 

0.20 

0 . 02 

0.05 

0.01 

3 

0.10 

0.10 

0.01 

0.00 

4 

0.12 

0.00 

0.04 

C  .14 

5 

0.04 

0.07 

0.14 

0.19 

6 

0.16 

0.07 

0.16 

0.15 

7 

0.02 

0.04 

0.13 

0.03 

8 

0  10 

0.01 

0.09 

0.11 

9 

0.16 

0.07 

0.13 

0.01 

10 

0.00 

0.06 

0.C7 

0.02 

11 

0.00 

0.06 

0.21 

0 . 00 

12 

0.17 

0.03 

0.04 

0 . 10 

Mean 

C.10 

0.06 

0.10 

0.07 

3  . 

Inspection  of 

the  data  in 

Table  3  indicates  that  the 

repeatability  of 

the  measurements  were  very  high, 

averaging 

O.OS 

mm.  For  photo  1,  the  average  difference  was 

0.10  mm ; 

for 

photo  3,  it  was  0.06;  for 

photo  4,  it 

.  was  0.10 

and  for 

photo  7,  it  was  0 

.07  mm. 

Table  4  shows  the 

data  for  the  linear  measurements 

made  on 

each 

photo .  The 

score  shown 

is  the  mean 

of  subjects' 

measurements  for 

both  trials. 

This  mean 

score  is 

compared 

with 

our  baseline 

score  to  determine  how 

accurate 

each 

subjects'  measurements  were. 
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Inspection  of  the  data  in  Table  4  indicates  that  subjects,  on 
average,  tended  to  make  larger  measurements  (than  the 
baseline)  on  photo  1;  smaller  measurements  for  photos  4  and 
7;  and  had  the  same  average  measurements  on  photo  3.  For 
photo  1,  the  measures  ranged  from  4.13  to  4.79  with  a  mean  of 
4.46  and  a  variance  of  0.04.  For  photo  3,  they  ranged  from 
3.44  to  3.87  with  a  mean  of  3.66  and  a  variance  of  0.02.  For 
photo  4,  they  ranged  from  2.84  to  4.13  with  a  mean  of  3.32 
and  a  variance  of  0.12  while  for  photo  7  they  ranged  from 
2.13  to  3.01  with  a  mean  of  2.42  and  a  variance  of  0.09. 


Table  4 

Mean  Linear  Measurements  for  Two  Trials 
for  Each  Photo  (mm) 


Subj ects 

Photo  1 

Photo  3 

Photo  4 

Photo  7 

1 

4 . 25 

3.87 

3.11 

3.01 

2 

4.58 

3  . :  0 

2.88 

2.95 

3 

4.56 

3.51 

2.84 

2.30 

4 

4.45 

3.79 

4.13 

2.55 

5 

4.70 

3 . 7 1 

2.98 

2 . 55 

6 

4 .39 

3.57 

3.45 

2.25 

7 

4.79 

3 . 7  9 

3.51 

2.32 

8 

4.50 

3 . 64 

3.46 

2.23 

9 

4.34 

3.63 

3.41 

2.24 

10 

4.53 

3.72 

3.52 

2.39 

11 

4.13 

3.49 

3.29 

2.13 

12 

4.24 

3.44 

3.2. 

2.15 

Mean 

4.46 

3.66 

3.32 

2.42 

Variance 

0.04 

0.02 

0.12 

0.09 

Easeline 

4.12 

3.66 

3.83 

3.04 

DISCUSSION 


As  stated  earlier,  the  purpose  of  this  study  was  to  determine 
the  precision  and  accuracy  with  which  multiple  imaging 
measurements  could  be  made  using  the  only  available 
measurement  technique.  To  determine  the  accuracy  of  the 
measurements  made,  subjects'  scores  were  compared  to  those  of 
two  highly  skilled  and  proficient  multiple  imaging 
measurement  technicians.  Table  4  presents  the  measurements 
made  by  each  subject  on  each  photo  (over  two  trials)  and  the 
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baseline  scores  of  our  two  experienced  technicians.  Taken  by 

photos,  the  data  shows  that  the  largest  difference  was  for 

photo  7 ,  where  subjects  showed  a  reading  that  averaged  less 

than  0.62  mm  than  the  baseline  score.  Photo  4,  showed 

readings  that  were  less  than  the  baseline  an  average  of  0.51  ' 

mm.  Photo  3  showed  the  same  average  reading  as  the  baseline 

while  the  readings  on  photo  1  averaged  0.34  mm  more.  Since 

we  are  dealing  with  mm,  the  difference  observed  does  not  seem 

unreasonable  and  indicates  that  subjects  were  fairly  accurate  y* 

in  their  measurements.  Taking  the  difference  between  the 

overall  mean  and  the  baseline  and  dividing  the  result  by  the 

baseline  value  yields  an  average  error  of  approximately  10% 

between  the  observed  scores  and  the  baseline  values. 

To  determine  the  precision  with  which  the  measurements  were 
made,  the  repeatability  of  subjects'  measurements  were 
determined.  Thi.s  data  is  presented  in  Table  3,  where  the 
difference  in  scores  made  on  trial  1  and  trial  2  is 
presented.  Examination  of  the  data  in  this  Table  indicate 
that  the  average  difference  for  the  first  and  second  trial 
for  photo  1  was  0.10  mm.  For  photo  3,  the  average  difference 
was  0.06  mm;  for  photo  4,  it  was  0 . 1C  mm;  and  for  photo  7,  it 
was  0.07  mm.  With  the  average  difference  for  all 
measurements  made  on  all  photos  being  equal  to  0.08  mm,  it  is 
not  unreasonable  to  assume  that  the  measurements  were  highly 
repeatable  and  hence  indicates  some  precision  in  the 
measurement  process. 

In  using  this  measurement  technique,  calculating  the  scale 
factor  as  accurately  as  possible  is  of  great  importance. 

This  is  because  the  scale  factor  is  used  to  convert  our 
linear  measures  to  angular  units,  which  in  turn  are  used  to 
meet  the  optical  specifications  for  multiple  imaging.  An 
incorrect  scale  factor  can  bias  the  angular  separation  scores 
in  one  direction  or  the  other  if  not  detected.  For  example 
using  the  two  scale  factors  calculated  by  subjects  1  and  12 
for  photo  1  (Table  2)  and  multiplying  a  linear  measurement  of 
4.12  mm  by  these  scale  factors  yields  an  angular  separation 
value  of  9.60  for  subject  1  and  a  value  of  13.76  for  subject 
12.  Clearly  the  larger  the  scale  factor  the  larger  the 
angular  separation  value  becomes.  This  could  lead  to  the 
rejection  of  a  windscreen  that  may  be  optically  acceptable. 

Conversely,  a  scale  factor  that  is  too  small  can  lead  to  the 
acceptance  of  a  windshield  that  should  be  rejected. 

►  1 

Examination  of  the  data  in  Table  2  indicates  that  the 

calculated  scale  factors  were  larger  than  the  baseline  scale 

factors.  For  photo  1,  the  scale  factor  was  0.20  mrad/mm 

larger  than  the  baseline;  for  photo  3,  0.09  larger;  for  photo 

4  it  was  0.20  while  for  photo  7,  it  was  0.45  mrad/mm.  *  ' 
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CONCLUSIONS 


*  Based  on  the  results  from  this  study,  the  following 

conclusions  may  be  drawn: 

1.  Accuracy  of  the  measurements  was  determined  to  be 

* <  fairly  high,  the  average  difference  between  the  measured 

values  and  the  baseline  value  being  0.37  mm.  Additionally 
the  average  error  of  all  the  measurements  made  was  only  10%. 

2.  The  precision  of  the  measurements,  as  determined  by 
the  repeatability  of  the  measurements,  is  also  high.  The 
average  difference  for  all  measurements  was  equal  to  0.08  mm. 

3.  The  calculated  scale  factors  averaged  0.24  mrad/mm 
more  than  our  baseline  scale  factor.  This  can  lead  to  larger 
angular  separation  scores  which,  in  turn,  can  lead  to  the 
rejection  of  an  optically  acceptable  windscreen. 


>  A 
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APPENDIX  1 


This  appendix  documents  the  steps  used  to  calculate  the  scale 
factor . 

The  first  step  is  to  find  the  angular  subtense  of  the 
distance  between  5  lights  on  the  light  array.  For  the 
Armstrong  Laboratory  Light  array,  the  distance  between  each 
light  is  16  inches  or  1.33  feet  measured  on-center  to  on- 
center.  Therefore  the  distance  between  5  lights  is  64  inches 
or  5.33  feet.  The  angular  subtense,  in  degrees,  for  the 
distance  between  these  5  lights  (at  a  specified  distance)  is 
determined  using  the  following  formula: 

A  =  2arctan  (x/2y)  where  A  =  angular  subtense  in 
=  degrees  degrees 

x  =  distance  between  5 

lights  (5.33  ft  in  this 
case ) 

and  y  •-  camera -to -array 

distance  (15,  23,  23.5 
or  25  ft) 


The  second  step  is  to  convert  the  degrees  to 
milliradians  by  multiplying  the  angular  subtense  obtained  in 
step  1  by  17.45  mrad/degree.  Hence, 


A'  -  A  x  17.45  mrad/degree  where  A1  =  angular  subtense 
=  mrad  in  mrad 

and  A  =  angular  subtense 
in  degrees 

The  third  step  involves  measuring  the  distance  between  5 
lights  on  the  photo  being  evaluated.  For  purposes  of 
uniformity,  the  distance  between  the  2nd  and  6th  lights  of 
the  middle  or  fourth  row  of  the  array  is  selected  for  this 
purpose . 

The  last  step  involves  dividing  the  angular  subtense  in 
mrad  (A' )  by  the  distance  found  between  5  lights  on  the 
photo.  Hence, 


S  =  A'/d  where  S  =  scale  factor  in  mrad/ mm 

=  mrad/mm  A'  =  angular  subtense  in 

mrad 

and  d  =  distance  between  5  lights 
measured  on  photo 


Using  a  scientific  calculator,  this  process  becomes  rather 
simple.  Using  photo  1  as  an  example,  the  following  steps  are 
inputted  to  the  calculator: 


Step  1  -  ensure  that  calculator  is  in  degrees  mode  ’  1 

Step  2  -  enter  5.33  (distance  between  5  lights  on  array) 

Step  3  -  divide  5.33  by  47  (the  camera-to-array  distance 
for  photo  1  [23.5  ft]  which  has  been  doubled) 

This  yields  the  tangent  value  Of  0.1134.  v  * 

Step  4  -  using  the  2nd  function,  find  the  arctan  value 
by  initiating  the  tangent  button.  This  gives 
us  a  value  Of  6.4699. 

Step  5  -  multiply  the  obtained  value  by  2  to  get  the 
angular  subtense  in  degrees  or  12.9399 
Step  6  -  multiply  this  result  by  17.45  mrad/degree  to 
get  the  angular  subtense  in  mrad,  225.80  mrad 
Step  7  -  measure  the  distance  between  5  lights  on  the 
photo  (for  photo  1  it  was  96.93  mm) 

Step  8  -  divide  this  distance  96.93  into  the  angular 
subtense  225.80  to  get  the  scale  factor.  In 
this  case  2.33  mrad/mm 
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ABSTRACT 

Current  and  future  performance  and  maintenance  requirements  for  transparent  thermoplastics  to  use 
as  novel  canopy  designs  and  retrofits  has  pushed  the  limit  of  the  current  state-of-the-art  polymeric 
transparency  materials  beyond  their  physical  capabilities.  A  new  genre  of  high  use  temperature  materials 
will  be  required  to  face  the  design  parameters  such  as  light  weight,  structural  integrity  beyond  speeds  of 
Mach  2,  compatibility  with  other  structural  and  nonstructural  plies  in  a  laminated  canopy,  particle  crazing, 
and  logistics  needs  such  as  resistance  to  flight  line  cleaning  solvents  and  aircraft  maintenance  fluids,  and 
longer  life  cycles  to  cost.  Most  new  transparent  engineering  thermoplastics  are  currently  limited  by  their 
commercial  availability  in  bulk  quantities,  high  cost,  or  by  significant  data  gaps  concerning  transparency 
performance  parameters 

The  purpose  of  this  report  is  to  summarize  data  on  some  of  the  transparent  materials  currently 
advocated  for  high  use  temperature  (i.e.,  450°F  (232°C»  applications.  Emphasis  shall  be  given  to  novel 
aromatic  neterocyclic  polymers  with  glass  transition  temperatures  in  the  region  of  572°F  (300°C)  or  greater. 
One  particular  set  of  heterocyclic  polymers  discusseu  is  the  polybenzazoles  with  hexafluoroisopropylidene 
groups,  also  known  as  the  6F-PBO’s.  The  Materials  Directorate  of  Wright  Laboratory  is  currently 
sponsoring  an  R  and  D  effort  to  exploit  the  useful  technologies  of  6F-PBO's  at  use  temperatures  in  the 
realm  of  450°F  and  a  summary  of  the  historical  work  in  the  Directorate  on  6F-PBO's  is  discussed. 


imbqmicjiqn  and  background 

Current  state-of-the-art  thermoplastic  polymers  used  in  structural  transparency 
applications  have  been  pushed  to  the  limits  of  their  respective  performance  characteristics 
by  the  demands  for  speeds  at  or  beyond  Mach  2  and  by  demands  for  tighter  maneuvers  in 
the  existing  fighter  aircraft.  Typically  the  thermal  limitations  of  the  laminated  canopy  are 
dictated  by  the  service  ceiling  of  the  lowest  use  temperature  structural  ply.  For  high 
performance  aircraft  such  as  the  F-16  fighter,  the  service  ceiling  of  the  canopy  is 
established  by  the  outer  acrylic  ply  with  a  very  short  term  use  temperature  of  200°F  (93°C). 

The  interests  of  the  Polymer  Branch  were  historically  concentrated  upon  high  use 
temperature  polymeric  reinforcements  and  matrices  for  structural  composite  applications. 
Usual  estimations  of  the  maximum  use  temperatures  of  structural  composite  materials  are 
set  at  50°C  below  the  glass  transition  temperature  (Tg)  of  the  polymers  and/or  the  loss  of 
50-60%  of  the  room  temperature  mechanical  properties.  While  the  application  of  the  latter 
estimation  is  not  necessarily  the  best  approach  for  determination  of  the  service  ceiling  of  a 
canopy  ply,  the  former  estimate  is  a  good  point  of  departure  for  focus  of  any  initial  physical 
property  determinations  in  novel  materials.  At  the  Polymer  Branch,  we  have  taken  an  even 
more  conservative  estimate  for  service  ceiling  of  transparency  materials  at  75-100°C  below 
the  Tg.  The  goal  of  our  research  is  to  examine  any  materials  with  Tg's  near  300°C  (572°F) 
which  translates  to  use  temperatures  in  the  realm  of  400-450°F  (204-232c’C),  an  increase  of 
at  least  200°F  for  tire  service  ceiling  of  the  canopy  when  the  acrylic  ply  is  replaced.  The 
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research  also  targets  to  substitute  the  acrylic  ply  with  a  material  which  either  meets  or 
exceeds  the  current  mechanical  and  inherent  optical  properties  of  the  polyacrylates. 

The  Polymer  Branch's  entry  into  basic  research  and  development  with  the  ultimate 
goals  of  improved  transparency  materials  was  coincidental  with  a  mission  needs  statement 
from  Aeronautical  Systems  Division  (now  Aeronautical  Systems  Center)  to  the  Materials 
Directorate  in  1990  for  internal  support  to  explore  future  canopy  materials.  There  are  many 
problems  associated  with  canopy  materials;  the  work  at  first  blush  is  very  basic  with  much 
effort  required  in  the  future  to  improve  the  current  data  base  on  chemical  structure-property 
correlations  and  how  chemical  structure  affects  intrinsic  optical  properties  of  new  polymer 
compositions.  Other  constraints  such  as  purification  processes  and  fabrication  processes 
which  affect  optical  quality  of  the  final  polymers  are  also  under  consideration. 

This  report  not  only  incorporates  work  performed  at  the  Materials  Directorate,  but 
also  includes  the  current  work  reported  in  the  open  literature  on  new  high  temperature 
thermoplastic  materials  which,  as  a  family  of  polymers,  may  be  under  consideration  for 
canopy  structural  plies.  What  is  not  addressed  in  this  report  are  any  proprietary  materials 
which  are  known  but  are  not  protected  by  patent  law  and  therefore  not  publicly  releaseable. 


A.  SF-miS 

Since  the  mid-1980's  the  Polymer  Branch  of  the  Materials  Directorate  has  been 
interested  in  examining  polymeric  materials  with  Tg's  in  the  range  of  300°C  (572°F)  for  use 
as  guest  host  matrices  in  nonlinear  optical  (NLO)  applications.  From  a  chemical  structure- 
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structures  to  those  polymers  with  aromatic  character  in  the  polymer  backbone.  In  addition, 
one  of  the  goals  of  the  in-house  efforts  in  the  NLO  area  was  to  prepare  polymers  with 
aromatic  fused  ring  heterocycles  in  the  backbone  of  the  polymer.  While  high  use 
temperature  is  realized,  the  presence  of  fused  ring  heterocycles  may  impart  high  degrees  of 
electronic  conjugation  in  the  polymer  backbone  and  may  result  in  highly  colored  materials. 
About  a  decade  ago  it  was  reported  that  the  incorporation  of  hexafluoroisopropylidene  (6F) 
groups  in  the  polymer  backbone  could  render  the  resulting  polymers  less  colored  by 

disturbing  the  electronic  environment  of  the  7t-electrons  of  the  backbone  and  improving 

solubility  in  common  organic  solvents  without  sacrificing  thermal  stability.1  During  some 
in-house  work  into  the  preparation  of  the  fused  ring  polybenzazoles  in  nonacidic  media,  a 
literature  reference  for  the  preparation  of  simple  benzoxazoles  using  triinethyisiiyi- 
polyphosphate  (PPSE)  in  1,2-dichlorobenzene  was  utilized.2  This  preparative  procedure 
was  not  proven  for  the  preparation  of  polybenzoxazoles  with  6F  groups  (6F-PBO’s)  until 
personnel  at  the  Polymer  Branch  synthesized  such  polymers.3*4  A  family  of  6F-PBO 
homopolymers  with  various  aromatic  spacers  was  prepared  by  this  method. 


H2N 


+  H  O  O  C— Ar— C  O  O  H 


o-dichlorobenzene, 

trimethylsilyl- 

polyphosphate 

- ► 

RT-+-  135°C,  24  h 
135°-^  165°C,  24  h 


The  beauty  of  the  preparative  procedure  is  that  one  is  limited  in  the  chemical 
composition  of  the  6F-PBO  polymer  only  by  the  availability  of  the  diacid  monomers. 

Many  such  monomers  are  commercially  available  through  commodity  or  specialty  chemical 
vendors  in  a  purity  grade  such  that  the  monomers  can  be  used  as  received  or  purified  by 
multiple  reciystallizations  to  obtain  monomer  grade  material.  The  procedure  also  allows  for 
the  use  of  uicarboxyhc  acid  monomers  that  degrade  in  strong  acid  media  such  as 
polyphosphoric  acid.  Other  cost  advantages  of  the  one-pot  PPSE  procedure  are  the 
commercial  availability  of  the  6F  monomer  (6FAP),  PPSE,  and  1,2-dichlorobenzene. 

Since  the  materials  are  prepared  in  an  organic  solvent  rather  than  a  strong  acid  medium, 
waste  volume  is  minimized  and  neutralization  of  acid  before  disposal  is  avoided.  Despite 
the  advantage  of  the  synthetic  procedure  using  nonacidic  media,  several  6F-PBO 
homopolymers  have  been  prepared  using  highly  polar,  strong  acidic  media5-6  with  the  final 
result  of  obtaining  higher  molecular  weight  material.  Because  the  mechanical  properties 
were  not  determined  for  these  polymers,  a  reasonable  conclusion  about  the  superiority  of 
one  procedure  over  the  other  cannot  be  drawn. 
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382°C  (199-720°F),  a  range  of  long  term  (i.e.,  200  h)  thermooxidative  stabilities  at  346°C 
(655°F),  and  variations  in  solubility  in  acidic  and  nonacidic  media  (Tables  1  and  2)A5’7 


TABLE  1.  SUMMARY  OF  6F-PBOS  PREPARED.7 


Polymer 

At 

Spacer 

Analysis 
Calc.  (Found) 

Tlinha,d,f 
or  [1)]  (dl/g)b 

Solubility 

lc 

"T 

IMi 

2.82a 

MSA 

TCE-phenol 

H2SO4 

f 

gStf 

2.23a 

MSA 

f 

Xor 

C,  57.28  (56.75) 
H,  1.97  (  2.13) 
N.  9.11  (  8.93) 
F,  24.71  (23.59) 

1.82a 

MSA 

H2SO4 

4C 

C,  57.28  (56.00) 
H,  1.97  (  2.29) 
N,  9.11  (  8.54) 
F,  24.71(23.40) 

2.18a 

MSA 

H2SO4 

5C 

-0- 

C,  66.82  (66.14) 

H.  6.52  (  6.56) 
N,  3.63  (  3.37) 
F.  14.75(14.27) 

..  '  \ 

MSA 

CHCI3 

THF 

£c-e 

■ 

r*  ci  nc  o^\ 

H.  2.55  (2.68) 
N,  5.07  (5.20 
F.  20.64  (20.72) 

1.43a,c 

0.75c,f 

q  9b, e 

MSA 
H2S04 
CHC13,  THF 

T 

C,  63.05  (62.83) 
H.  2.55  (2,53) 

N,  5.07  (4.35) 

F,  20.64  (20.70) 

4.1b 

MSA 

h2so4 

CHCI3,  THF 

<0» 

C,  65.22(63.15) 

xj  nom 

ii, 

N,  4,34(4.14) 

6.0b 

MSA 

H2S04 
CHC13,  THF 

(a)  Inherent  viscosity  in  methanesulfonic  acid  (0.15  g/dL)  at  30°C. 

(b)  Intrinsic  viscosity  in  methanesulfonic  acid  at  30°C. 

(c)  Prepared  in  PPSE/o-dichlorobenzene. 

(d)  Inherent  viscosity  in  o-dict.lorobenzene  (0.15  g'tiL)  at  30°C. 

(e)  Prepared  in  phosphorus  pentoxide/methanesulfonic  acid. 

(f)  Inherent  viscosity  in  1,1,2,2-tetrachloroethane  (0.15  g/dL)  at  30°C. 

(g)  Prepared  in  83%  polyphosphoric  acid. 


TABLE  2.  THERMAL  CHARACTERISTICS  OF  6F-PBO  THERMOPLASTICS 7 


Polymer 

Tga  (°C) 

MESQiZiSHI 

ITA°  (%) 

1 

300 

5 -$2  air 

524  He 

95 

2 

382 

94 

3 

329 

539  air 

528  He 

92 

4 

352 

530  air 

5^7  He 

59 

£ 

94 

414  air 

426  He 

SOd 

£ 

301 

564  air 

7 

266 

535  air 

— 

8 

245 

545  air 

— 

(a)  Glass  transition  temperature  determined  by  DSC  (AT  =  10°C/min). 

(b)  Extrapolated  onset  of  major  decomposition  determined  in  air  and/or  helium. 

(c)  Isothermal  aging,  weight  retention  after  200  h  at  346°C  (655°F)  in  circulating  air. 

(d)  Weight  retention  after  50  h  at  346°C  (655 °F)  in  circulating  air. 


The  neat  resin  mechanical  properties  of  some  of  the  6F-PBO's  were  evaluated  under  the 
rigorous  conditions  applied  to  composite  matrices  (Table  3)s  and  the  values  obtained  were 


TABLE  3.  NEAT  RESIN  TENSILE  PROPERTIES3  OF  6F-PB0b  AT  VARIOUS 
TEMPERATURES  AND  CONDITIONS.8 


Test 

Temperature, 

°C(°F) 

Condition 

(Dry/Wetc)d 

Tensile 

Strength, 

MPa  (Ksi) 

Tensile 
Modulus, 
GPa  (103  Ksi) 

Strain-To- 

Failure 

(%) 

Diy 

103  (14.9) 

2.63  (0.38) 

■HHHi 

24 

Wet 

103  (14.9) 

3.14  (0.46) 

I-  :■  ■ 

(75) 

Dry 

108  (15.6) 

2.90  (0.42) 

Wet 

106  (15.4) 

3.03  (0.44) 

11.6  1 

Dry 

60.6(8.8) 

2.13  (0.31) 

177 

Wet 

65.5  (9.5) 

2.43  (0.35) 

4.75 

(351) 

Dry 

51.2  (7.4) 

1.88  (0.27) 

5.14 

Wet 

50.3  (7.3) 

1.91  (0.2S) 

4.95 

Dry 

29  (4.2) 

2.62e 

260 

Wet 

29  (4.2) 

3  07'- 

(500) 

Dry 

21  (3.0) 

1.58  (0.22) 

2.4le 

Wet 

22  (3.2) 

1.51  (0.23) 

2.50e 

288 

(550) 

£>iy 

16  (2.3) 

1.01  (0.15) 

2.00e 

va)  Standard  deviations  omitted  for  brevity.  For  details  see  Reference  8. 

(b)  Both  Polymers  1  and  6.  Table  1. 

<c.)  Specimens  saturated  14  days  in  water  at  71°C  (160°F). 

(d)  6F-PEO-1  (Reference  9)  (Polymer  Table  1)  in  bold  values. 

(e)  Strain-to-yield  values.  Polymers  have  entered  onset  of  respective  Tg's  at  test  temperatures. 

found  to  approximate  the  reported  room  temperature  values  for  the  polyacrylaies.  When  all 
the  data  is  compiled,  the  bF-PBO's  meet  or  exceed  the  neat  iesin  mechanical  properties  of 
the  polyaciylates  and  some  of  the  properties  of  polycarbonates10  (Figure  1  and  Table  4). 

In  addition,  the  polymer's  equilibrium  moisture  uptake  at  temperatures  up  to  71°C  (160°F) 
was  in  the  range  of  0.8  wt  percent  maximum.  Resistance  to  aliphatic  and  aromatic 
hydrocarbons  as  well  as  ketones  was  limited  to  a  maximum  of  6.5  wt  percent  uptake  ovc. 
two  weeks  of  immersion.7 
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FIGURE  1.  Comparison  of  6F-PBO  (Polymer  6,  Table  1)  With  Other  State-of  the  Art  Transparency  Materials. 


TABLE  4.  IMPACT  TESTING10  OF  6F-PBO-1. 


Property  i  6f-pbo-i  |  lexanslIooo  |  plexiglas  55  1 

Tg(°C) 

293 

Continuous  Service 
Temperature  (°F) 

450-500 

250 

Tensile  Strength 
(Ksi),  RT,  dry 

mmm 

11.1 

Tensile  Modulus 
(Ksi),  RT,  dry 

EHl^H 

325 

450 

Strain- to  Failure 
(%),  RT,  dry 

I 

90 

4.7 

Notched  Izod 
(ft-lb/in),  ASTM 
D256-88 

0.32  ±  0.03 

2.09  ±  0.4 

0.40 

Falling  Dart  Impact 
ASTM  F7 36-81 

Impact  site  broken 
out  at  6.22'  with 
min.  20’/s  vel  and 

25  ft-lb  impact  E 

No  cracks  observed 
at  similar  or  greater 
impact  E’s  and 
heights 

Solvent  Crazing 
(50%  aq.  MEK), 
ASTM  791-82 

Crazing  at  5500  psi 
stress,  25  min  under 
stress 

Fully  crazed  at  1500 
psi  under  similar 
stress  and  <  25  min 

— - -  0  7CA 

U\JlL\y  At  U  t  *f\J 

stress  max,  25  min 
under  stress 

L'liiltr  «*»♦■  1 

&  U  U  j  WiUlVVl  Uk  i.'WO 

psi  under  similar 
stress  and  <  25  min 

Salt  Abrasion, 

ASTM  1128 

Inconclusive 

■g3%T(81%  haze) 
after  100  cycles  of 
blast 

What  was  not  known  at  the  time  this  effort  was  performed  was  the  origin  of  the  coloration 
of  tire  6F-PBO's  in.  the  composite  matrix.  When  high  Tg  thermoplastic  6F-PBO's  are 
processed  via  standard  compression  molding  techniques,  they  require  at  least  2500  psi 
pressures  to  prouuce  cousoncrated  resin  and  the  tenTocraturc  at  which  they’  are  processed 


must  be  near  or  above  the  Tg  for  complete  consolidation.  These  high  pressures  are 
expected  for  the  processing  of  high  Tg  t  hermoplastic  materials  with  stiff  heterocyclic  units 
in  the  backbone.  However,  the  6FT%Q's  homopolymers  that  have  been  currently 
processed  as  consolidated  neat  resin  tensile  specimens  exhibit  a  drastic  color  change  about 


50°C  below  the  respective  Tg's  of  the  polymers.9  Free  standing,  solution  cast  films  of  6F- 
PBO's  do  exhibit  coloration  at  room  temperature  as  evidenced  by  the  transmission  data  of 
ASTM  D19259,  but  the  film  must  be  of  sufficient  thickness  (>  10  mil)  to  discern  coloration 
with  the  naked  eye. 


The  origin  of  the  color  in  the  neat  resin  6F-FBO's  is  a  source  of  much  speculation 
at  this  time.  From  the  data  presented  in  a  subsequent  paper  in  this  symposium9  and  in 
some  unpublished  data  internal  to  the  Polymer  Branch,  the  source  of  coloration  may 
originate  from  several  possibilities.  Those  possibilities  are  intrinsic  coloration  in  the 
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structure  of  the  polymer  backbone,  chromophoric  impurities  in  the  monomers  or 
polymerization  media,  simultaneous  oxidative-degradation  mechanisms,  density  and 
packing  behavior  of  the  polymer  chains,  or  charge  transfer  effects  between  chains. 


B.  Other  Fluorinated  and  Nonfiuorinated  Polymers 

There  are  other  polymer  compositions  which  employ  the  use  of  6F  groups  in  the 
backbones  or  3F  groups  as  pendants  of  aromatic  groups  in  the  backbones  of  polymers. 
Some  of  these  materials  are  known  to  possess  Tg's  in  the  range  of  200°-250°C  (392-482°F) 
and  good  thermal  stabilities  based  upon  their  chemical  architecture.  Some  of  these 
polymers  include  6F-polyarylene  sulfones,9  6F-polyesters  ,9  and  3F-pendant 
polyamides.11  6F-44  Polyimide,12  with  a  Tg  above  300°C  (572),  may  be  another 
candidate  material,  but  it  is  known  that  the  elongation-  to-break  of  this  polymer  is  low. 

Low  break  values  empirically  translate  into  reduced  toughness  and  low  impact  strength.  In 
addition,  the  cost  of  fully  fluorinated  polymers  is  very  high  in  comparison  to  hydrocarbon 
analogs. 

There  are  some  nonfiuorinated  polymers  recent  to  the  literature.  These  include  the 
polyaiylene  ether  ketone  homopolymers  and  copolymers,1^  and  the  polyarylene 
carbonates.14  Again  thermal  stability  and  thus  use  temperature  may  be  compromised,  but 
the  advantage  to  these  materials  choices  may  lie  in  the  wealth  of  literature  available  on  the 
structure-property  characterizations  of  such  materials.  One  promising  new  criterion  for 
predicting  impact  toughness  has  developed  from  some  recent  research  on  the  polyarylene 

carbonates  which  relates  a  Tg/Ty  ratio  for  polymers  to  the  impact  strength.14 


CONCLUSIONS 

A.  fiF-PBO's 


If  intrinsic  coloration  of  the  heterocyclic  portion  of  the  backbone  is  at  fault,  then 
benzoxazoles,  even  with  6F  moieties  in  the  backbone,  will  not  be  candidate  materials  for 
transparent  canopies.  There  is  some  empirical  evidence  to  support  intrinsic  coloration  due 
to  the  very  pale  yellow  color  of  solutions  of  benzoxazoie  ([273-53-0],  mp  27-30°C).  What 
this  evidence  implies  is  that  the  incorporation  of  6F  groups  into  the  backbone  of  aromatic- 
heterocyclic  polymers  may  not  always  impart  colorlessness  tlrrough  the  disturbance  of  the 


7t-electrons.  The  absence  of  color  is  also  determined  by  the  choice  of  spacer.  Classic 
examples  from  the  previous  synthetic  efforts  are  the  structures  of  the  very  yellow  powder 
of  Polymer  £  and  the  green-white  powder  of  Polymer  (Table  1 ).  Each  6F-PBO  polymer, 
therefore,  must  be  carefully  examined  as  a  significantly  thick  film  or  consolidated  specimen 
and  not  taken  at  face  value  because  the  solid  phase  of  the  polymer  is  white.  Despite  the 
intrinsic  color,  there  may  be  structural  alterations  which  allow  the  disturbance  of  the 
electronic  environment  in  the  polymer  chain.  Incorporation  of  highly  electron-withdrawing 
groups  into  the  aromatic  spacers  of  the  6F-PBO's  is  one  possible  route  to  investigate  by 
synthetic  methods. 


Many  of  the  other  possibilities  listed  above  for  color  contnuudon  to  6F-PBO  are 
currently  being  examined  in-house.  The  status  of  this  effort  will  be  published  at  a  later 


date.  There  are  analytical  means  by  which  the  contributions  of  any  impurities  may  be 
examined;  however,  there  are  limitations  on  the  detection  limits  of  certain  analytical 
instruments.  Since  charge  transfer  effects  have  been  examined  by  electron  spin  resonance 
(ESR)  studies  in  polyitnides,15  a  method  exists  by  which  to  study  charge  transfer  in  6F- 
PBO.  Packing  behavior  of  consolidated  specimens  may  be  explored  by  x-ray  diffraction 
techniques.  Some  solutions  to  dense  packing  in  consolidated  samples  may  lie  in  the 
preparation  of  6F-PBO's  with  very  bulky  but  thermally  stable  spacers;  work  is  currently 
proceeding  on  such  novel  spacers. 

If  the  coloration  problem  is  solved,  choices  will  also  have  to  made  between  the 
desire  for  ultimate  optical,  physical  and  mechanical  properties.  After  all  the  canopy  issues 
are  resolved,  the  presence  of  fluorine  in  the  outgases  of  a  catastrophic  failure  of  the  canopy 
by  thermal  degradative  means  must  be  weighed  against  the  use  of  such  a  canopy  material. 
During  normal  use  temperatures,  there  would  be  no  problems  with  6F-PBO  in  a  canopy  ply 
since  a  low  oxygen  index  and  flame  resistance  are  dictated  by  the  inherent  chemical 
structure.  However,  if  temperatures  exceeded  500°C,  there  would  be  generation  of  HF 
radicals  during  the  combustion  process  and  subsequent  unheatlthy  personnel  exposure  to 
such  gases. 


B.  Other  Fluoiinated  and  Nonfluorinated  Polymers 

There  is  some  promising  data  for  the  incorporation  of  6F  and  other  fluorinated 
polymers  into  consideration  for  canopy  materials.  However,  some  thermal  stability  and 
thus  use  temperature  may  be  sacrificed  if  lower  Tg  materials  are  chosen.  At  this  time  most 
mechanical  properties  as  well  as  any  optical  properties  are  unknown  for  these  materials. 
Toxicity  problems  upon  catastrophic  degradation  of  the  fluorinated  material  will  still  come 
into  effect. 

For  the  consideration  of  nonfluorinated  materials,  stringent  structure  choices  will  be 
needed  to  be  made  to  balance  processability  with  high  use  temperature  and  cost  Again 
some  compromises  may  have  to  be  made  in  use  temperature  to  get  the  desired  optical 
properties. 
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LASER-PROTECTIVE  AIRCRAFT  TRANSPARENCIES 


John  A.  Brown 
JOHN  BROWN  ASSOCIATES  INC. 

ABSTRACT 

A  new  class  of  laser-protective  optical  filters 
consists  of  thin-film  stacks  of  organic  polymers  of 
alternating  high  and  low  refractive  indices  applied 
in  open-to-the-air  chemical  process  equipment.  The 
process  is  amenable  to  the  fabrication  of  sheets 
large  enough  to  be  laminated  into  aircraft 
t ranspar enc ies. 


****************:*** 


With  the  emergence  of  Limited  Warfare  and  Special  Operations 
type  conflicts  as  major  challenges,  there  is  a  growing  need 
to  provide  airmen  with  laser  eye  protection;  because  lasers 
are  cheap  weapons.  Figure  1  shows  the  beam  wavelengths  of 
several  commercial  lasers  that  someone  might  use  as 
battlefield  weapons. 

Many  approaches  to  laser  protective  filters  have  been 
explored,  including  holographic  interference  filters, 
absorptive  dye  filters,  conventional  dielectric  stack 
interference  filters  that  reject  specific  threat  wavelengths, 
and  the  "Tristimulus"  interference  filter  that  blocks  all 
popular  laser  wavelengths  yet  permits  full  natural  color 
vision.  Figure  2  shows  the  transmission  spectrum  of  the 
Army's  Sun-Wind-and-Dust  CSWD)  goggle  which  incorporates  some 
laser  protection,  and  Figure  3  shows  the  transmission 
spectrum  of  the  JBA  Tristimulus  filter. 

Most  of  the  current  laser-protection  R&D  is  going  into 
protective  goggles  and  visors,  but  an  attractive  alternate 
approach  would  be  to  build  the  protection  into  the  aircraft 
windows  and  canopies.  The  problem  is  how  to  do  that.  The 

darkness  of  the  SWD  goggle  cannot  be  tolerated,  and 
conventional  interference  filters  would  be  prohibitively 
expensive  in  such  large  sizes. 


Conventional  interference  filters  are  made  by  evaporative 
deposition  of  dielectric  pairs  such  as  zinc 
sul f ide-and-cryo 1 ite  or  si  1 ica-and- 1 itania  in  high-vacuum 
equipment,  are  limited  to  small  sizes,  and  are  very 
expensive.  But  this  laboratory  has  recently  demonstrated  the 
fabrication  of  interference  filters  from  thin  films  of 
organic  polymers  (nitrocellulose  and  polystyrene)  in  the  open 
air  -•  literally  in  Mason  jars! 

Two  different  proof-of-principle  interference  filters  were 
made,  one  reflective  in  the  green  and  one  reflective  in  the 
red.  Their  transmission  spectra  are  shown  in  Figure  4.  They 
were  abbreviated  stacks  of  only  13  layers  and  were  not 
intended  to  be  protective  filters,  but  they  proved  the 
feasibility  of  making  interference  filters  in  open- to- the-air 
chemical  process  equipment  rather  than  in  the  usual 
high- vacuum  equipment. 

The  proof-of-principle  filters  were  small  -  one  inch  by  two 
inches  -  and  were  made  on  glass  microscope  slides  by 
dip-coating.  Very  large  filters  could  be  made  on  thin  sheets 
of  Mylar  nr  polyurethane  on  conventional  gravure  machines, 
and  then  laminated  between  sheets  of  polycarbonate  or  acrylic 
to  make  all-plastic,  laser-protective,  aircraft 
transparencies. 

Nitrocellulose  and  polystyrene  were  used  for  the  proof-of- 
principle  work,  but  better  polymers  are  needed  for  practical 
filters.  We  are  currently  working  on  two  UV-cure  polymers, 
one  with  a  refractive  index  of  1.4  and  one  with  a  refractive 
index  of  1.6.  One  film  is  laid  down  and  cross-linked  with 
UV,  and  the  other  film  is  then  laid  down  c-n  top  of  the  first 
and  cross-linked.  And  so  on  in  alternation  until  the 
complete  stack  is  assembled- 

Filters  can  be  designed  to  block  virtually  any  desired 
wavelengths  by  suitable  choices  of  layer  sequences.  Figure  5 
shows  a  design  to  block  a  narrow  band  around  532nm,  and 
Figure  6  shows  a  design  to  block  a  wider  band.  Figure  7 
shows  a  design  to  block  solar  infrared  without  attenuating 
visible  light.  The  possible  combinations  of  passbands  and 
stopbands  are  virtually  unlimited. 

The  filters  are  not  in  production;  current  work  is  focussed 
on  optimizing  the  two  UV-cure  polymers  and  the  deposition 
technique.  We  would  welcome  comments  and  suggestions  as  well 
as  specific  requirements  and  applications. 
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Note:  Manuscript  of  this  paper  was  not  submitted. 
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NEW  HIGH  TEMPERATURE  6F-PBO  MATERIALS 


FOR  CANOPY  APPLICATIONS 


Ratcesh  K,  Gupta,  Ran  B.  Sharma,  and  Pamela  J.  King 
Daychem  Laboratories,  Inc.,  143  Weitpark  Road,  Dayton,  Ohio  45459-4814 

and 

Marilyn  R.  'nroe 

Polymer  Branch,  Materiala  Directorate,  Wright  Laboratory, 

WL/MLBP,  2941  P  Street  fite  1,  Wright-Pattereon  APB,  Ohio  45433-7750 

New  Transparent  thermoplastic  materials  suitable  for  higher 
use  temperature  (350-500“F)  are  required  in  airframe 
applications  to  replace  the  existing  state-of-the-art  canopy 
materials.  These  materials  must  retain  or  surpass  the 
physical  properties  of  polycarbonates  and  acrylics  at  higher 
use  temperature.  Several  candidates  from  the  families  of 
thermally  stable  aromatic/heterocyclic  polymers  without 
extended  conjugation  are  being  evaluated  for  this  application. 

In  this  report  a  family  of  polybenzoxazoles  with 
hexaf luoromoieties  (6F-PBO)  has  been  synthesized  and  evaluated 
as  transparency  materials  for  canopy  applications.  Several 
candidate  fiF-PBO  systems  are  synthesized  with  different 
spacers,  .as  homopolymers,  copolymers  and  terpclymers  with 
other  thermally  stable  polymer  systems.  The  processing 
parameters,  thermal  data,  mechanical  and  optical  properties  of 
these  systems  are  presented  in  this  report.  This  is  an 
ongoing  effort,  the  data  established  to  date  is  presented. 
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Intcadufition 

Future  aircraft  will  require  strict  demands  on  composite 
materials  such  as  strength,  service  temperature  capability, 
and  durability.  The  materials  that  are  being  developed  are 
meeting  these  demands  and  are  far  superior  to  the  currently 
available  materials.  The  new  thermoplastics  are  being 
developed  in  such  a  way  so  as  to  minimize  the  cost  in 
manufacturing  and  processing.  The  polymer  systems  most 
emphasized  are  hexafluorinated  polybenzoxazoles  (6F-FB0's)  . 
A  group  of  6F-PBO's  have  been  analyzed  for  mechanical 
strength,  thermal  stability,  and  optical  quality.  All  data 
obtained  was  evaluated  and  summarized  in  this  paper. 


Discussion 

Research  is  currently  being  done  at  D&ychem  Laboratories, 
Inc.  in  scale-up  synthesis,  processing,  and  characterization 
of  6F-PBO  systems  as  well  as  other  candidate  polymers.  6F-PB0 
systems  synthesized  (Reference  1)  are  shown  below: 
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Polymers  synthesized  that  have  had  desirable  physical 
appearance  were  further  analyzed  (Table  1)  .  Elemental 
analysis  for  6F-PB0-1,  6F-PBO-2,  and  6F-PBO-3  showed  that  the 
materials  have  high  purity.  Semi-quantitative  analysis  also 
confirmed  this  data.  Solution  viscosity  data  for  the 
materials  was  obtained.  The  inherent  viscosity  measurements 
fall  within  the  range  for  this  type  of  polymer  system. 

Other  polymer  systems  that  were  synthesized  would  include 
terpolymer  6F-PB0's#  hexafluoro  polyesters  (Reference  2), 
and  hexafluoro  polysulfones  (Reference  3)  as  shown  below. 


Manoperg 


1 

2  _ 

3 

4 

6F-PBQ-X1 

40% 

40% 

0% 

20% 

6F-PBO-X2 

0% 

0% 

20% 

80% 

6F-PBO-X3 

30% 

0% 

20% 

50% 
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Table  1 .  Physical  Characterization  of  Selected 


6F-PBO’s 


PQEtXjgR  ELEMENTAL  ANALYSIS 

JtrpgHBi 


APPEARANCE 


6F-PBO-1 


C  63.05 
N  5.07 
H  2.55 
Si  0.00 
P  0.00 
Cl  0.00 


(62.91) 

(  5.19) 

(  2.45) 

(  0.007) 
(  0.19) 

(  0.021) 


1.27  dl/g 


white 

beaded 

powder 


6F-PBO-2 


C  63.05 
N  5.07 
H  2.55 
Si  0.00 
P  0.00 
C.l  0.00 


162.45) 

(  5.06) 

(  2.43) 

(  0.008) 

(  0.10) 

(  0.35) 


0.51  dl/g 


off- 

white 

beaded 

powder 


6F-PBO-3 


C  55.99 
N  4.08 
2.06 
Si  0.00 

l  0.00 

c:i  o.oo 


H 


(56.13) 

(  4.21) 

(  1.92) 

(  0.005) 

(  0.11) 

(  0.17) 


0.91  dl/g 


white 

beaded 

powder 


6F-PBO-X1 


1.20  dl/g 


off-white 

beaded 

powder 


6F-PB-1 


0.706  dl/g 


stark 

white 

beaded 

powder 


ggLBBimX 

ilL_Ul£ 


total 

(light 

yellow 

solution) 


total 

(medium 

yellow 

solution) 


total 

(Light 

ysllow 

9  ..A.  J  % 


partial 

(medium 

yellow) 


total 

(color¬ 

less) 


ill 


1.3- diacid  chloride  (5P-PE-1 

1.4- diacid  chloride  6F-PE-2 


6F-PBO-X1,  6F-PE-1,  and  the  6F-Polysulfone  all  had 
desirable  physical  appearance  and  were  further  analyzed. 

The  thermal  characteristics  of  6F-PBO-1,  6F-PBO-3,  and 
6F-PBO-1E  (6F-PBO-1E  homopolymers  endcapped  with  aromatic 
moieties}  show  high  use  temperatures  for  these  materials.  The 
glass  transition  temperature  as  shown  by  thermomechanical 
analysis  (TMA)  ranged  from  309  ®c  for  6F-PBO-3  to  295  *C  for  6F- 
PBO-1.  Both  6F-PE-1  and  6F-Polysulf one  have  a  glass 
transition  temperature  slightly  above  200"C. 
Thermogravimetric  analysis  (TGA)  was  performed  on  6F-PBO--1  and  *  f 
6F-PBO-3  to  850*C  maximum  in  air  and  both  materials  retained 
95%  of  their  weight  up  to  550®c.  Decomposition  onset  was  «  * 
above  500 *C  (Table  2)  by  TGA. 


Table  2.  Thermal  Data 


Glaus  Trans.  Tamp.  TGA  (air)  850°C  Decomposition 

AT*  10*C/min. 


6F-PBO-1 

293  8C 

295*C 

550°C 

564"C 

6F-PBO-1E 

278°C 

525°C 

572°C 

6F-PBO-3 

309*C 

S7SeC 

518*C 

Oxidative  isothermal  aging  was  performed  on  6F-PBO-1,  6F-PB0-2, 
and  6F-PBO-1E.  All  of  the  polymer  samples  showed  signs  of 
discoloration  starting  at  600 °F.  Height  loss  was  not  apparent 
until  650 °F.  At  this  temperature,  6F-PBO-3  was  the  only  sample 
that  retained  95%  of  its  initial  weight.  Unconsolidated  powders 
of  6F-PB0-1  and  6F-PBO-3  remained  colorless  for  200  hours  at 
500*F  (Table  3) . 

Table  3.  Isothermal  Aging  Properties  of  6F-PBO 
Materials  (200  Hours,  Total  Weight  Loss). 


500*F 

600’P 

<50*P 

700*F 

6P-HKM 

wM* 

ptV  yctkrw 

red  brows 

black 

<2* 

J* 

MU 

6P-PSO-2 

b|M  taj 

red  brows 

black 

black 

1* 

7* 

74* 

4P-FBO-3 

off  white 

ytOow 

yeSow  gold 

<1* 

<2* 

10* 

4P-PBO-1B 

white 

yellow  brosos 

black 

black 

<1* 

«* 

70* 

Hass  spectroscopy/ TGA  was  also  performed  for  the  same  group  of 
polymers.  Major  degradation  at  512 °C  for  all  of  the  samples 
followed  the  same  pattern.  Degradation  of  the  benzoxazole 


ring  was  apparent  at  a  temperature  of  650°C.  This  data  is 
summarized  in  Table  4. 


Table  4.  Occurrence  and  Relative  Abundance  of 
Major  Products  for  6F-PB0’s 


6F-PB0-1 

6F-PBO-2 

fiE=RBa=a 

6F-PBQ-‘1E 

TLC  max 

(°C) 

550 

660 

5~0 

660 

550 

760 

560 

650 

Sample  Weight 

19 

15 

21 

14 

50 

<2 

20 

15 

Loss  (~ 

%) 

HF 

100 

100 

100 

100 

CO 

60 

60 

50 

50 

50 

33 

^0 

50 

h2o 

14 

14 

23 

23 

10 

15 

15 

co2 

16 

18 

8 

15 

13 

HCN 

18 

15 

7 

8 

NH, 

6 

8 

3 

10 

CF,H 

4 

5 

5 

3 

6F-PB0-1  was  processed  by  thermal  compression  molding. 
It  was  apparent  from  the  thermal  data  that  temperatures  close 
to  the  glass  transition  temperatures  would  cause  discoloration 
during  processing.  For  this  reason  processing  was  difficult. 
To  obtain  complete  consolidation  without  discoloration 
required  pressures  of  75,000  psi  at  a  temperature  of  575’F. 
These  processing  parameters  gave  a  molded  specimen  with  the 
least  amount  of  discoloration;  however,  the  molded  specimen 
still  possessed  medium  yellow  color  and  was  translucent. 
Processing  of  these  materials  is  being  investigated  further  at 


this  time.  Transmission  data  shows  that  there  is  a  decrease 


in  transmission  as  film  thickness  is  increased.  The 
yellowness  index  of  6F-PB0's  was  compared  to  polycarbonates 
(Table  5) .  It  is  desired  to  replace  the  polyacrylate  outer 
ply  of  the  aircraft  canopy  with  6F-PB0  materials.  The 
polyacrylates  have  a  yellow  index  of  one;  as  can  be  seen  by 
the  data,  6F-PB0's  have  higher  index  values. 

Table  5.  Yellowness  Index  for  6F-PBO*s  Vs. 
Polycarbonate  (ASTM  D1925) 

Thickness  Yellowness  Index 


Folyuarbuiiatti 

Hnl  -  »  —  M 

OAUt 

n  n  c  SI 
v  ■  <•</ 

Q .  821 

Polycarbonate 

"Yellow" 

0.25” 

9.424 

F-16  Laminate 
Coating 

with  Solar 

39.031 

6F-PB0-1 

0 . 005" 

16.450 

6F-PBO-3 

0.003" 

7.940 

6F-PB0-X1 

0.005" 

20.620 

6F-PE-1 

0.012" 

3.520 

6F-PB0-1E 

0.005" 

10.870 

Processing  was  also  done  on  6F-PE-1  as  well  as  6F- 
Polysulfdne.  Both  polymer  materials  were  processed  at 
temperatures  approximate  to  their  glass  transition 
temperatures.  The  processed  specimens  were  both  colorless  and 
transparent . 


Conclusions  .and  Recommendations 


The  discoloration  of  6F-PBO-1  during  thermal  processing 
is  a  problem  that  needs  to  be  further  investigated.  The 
source  of  this  color  can  possibly  be  attributed  to  several 
factors.  One  possibility  is  that  impurities  may  have  remained 
from  the  synthesizing  process.  The  likelihood  of  this 
explanation;  however ,  is  diminished  due  to  undetectable  signs 
of  impurity  from  the  physical  data.  Another  possibility  is 
that  the  polymer  itself  may  inherently  be  colored.  There  are 
two  reasons  for  this.  Initially,  conjugation  between  the 
nitrogen  in  the  benzoxazole  ring  and  the  aromatic  ring  of  the 
diacid  may  cause  a  certain  amount  of  discoloration.  Secondly, 
color  may  also  be  attributed  to  the  thickness  of  the  molded 
specimens.  Transmission  data  shows  that  thicker  films  have 
less  transmission  than  a  thin  film.  If  inherent  color  is 
determined  definitely  one  possible  solution  may  be  the 
addition  of  additives  to  counteract  the  color.  This  process 
is  considered  commonplace  in  the  processing  of  many  polymers. 
One  final  explanation  for  discoloration  could  foe.  in  the 
existence  of  trace  amounts  of  oligomers  or  lower  molecular 
weight  polymer  chains.  These  oligomers  may  have  a  tendency  to 
break  down  at  the  processing  temperatures  that  are  needed  to 
get  complete  consolidation  of  materials. 

In  conclusion,  the  6F-PB0  system  needs  to  be  investigated 
further  to  determine  its  likelihood  as  an  aircraft  canopy 
transparency.  other  likely  polymer  systems  with  similar 
properties  also  need  to  be  studied.  Copolymer  systems  that 


have  potential  for  mechanical  strength  as  well  as  transparency 
qualities  are  being  investigated  at  this  time.  A  few  examples 
are  shown  below: 

Polybanzoxflzolc-ostcr  copolymer 


n 

Polybenzoxazofe-tulfort*  copolymer 

n 


Polylmldo  ester  copolymer 


Finally,  other  commercially  available  candidates  also 
require  analysis  to  determine  their  feasibility  in  regards  to 
desired  applications. 
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Abstract 


Advanced  Canopy  Coatings  will  reduce  the  vulnerability  of  flight 
vehicles  in  the  natural  and  combat  environments  which  cause 
abrasion  and  cracking  of  transparency  systems.  The  advanced 
coatings  will  be  one  cf  the  main  contributors  to  doubling  the 
current  nominal  two  year  service  life  of  transparency  systems  to 
meet  the  four  year  service  life  goal.  The  Air  Force's  Windshield 
Program  Office,  Flight  Dynamics  Directorate/  Wright  Laboratory, 
WPAFB,  Ohio  started  the  MITS  Advanced  Canopy  Coatings  Program  to 
design  a  transparency  system  using  these  coatings  and  to  develop  a 
test  methodology  for  accepting  them.  This  paper  will  discuss  the 
various  coatings  tested  and  detail  the  test  methodology  developed. 
The  payoffs  include  reduced  replacement  time,  increased  mission 
ready  status,  and  considerable  cost  savings.  This  paper  covers  the 
sub  scale  screening  and  larger  coupon  tests,  full  scale  test 
results  will  be  presented  in  a  separate  report. 
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Advance  Canopy  Coatings  reduce  the  vulnerability  of  flight 
vehicles  in  the  natural  and  combat  environments  which  cause 
abrasion  and  cracking  in  transparency  systems.  These  coatings  are 
one  of  the  main  contributors  to  doubling  the  current  nominal  two 
year  service  life  of  transparency  systems  to  meet  the  four  year 
service  life  goal.  The  coatings  will  protect  the  transparency  from 
external  environmental  and  chemical  damage.  The  Mission  Integrated 
Transparency  System  (MITS)  Advanced  Canopy  Coating  Program  was 
focused  on  increasing  the  service  life  of  transparency  systems. 
The  first  of  two  objectives  for  this  program  was  to  demonstrate  a 
coating  with  a  four  year  service  life.  The  second  was  to  develop  a 
test  methodology  to  validate  the  service  life. 


There  were  some  general  principals  followed  in  the  development 
and  completion  of  this  program.  First  materials  were  off-the- 
shelf,  no  new  materials  were  to  be  developed.  Multiple  sources 
were  used  for  manufacturing  and  testing  the  coatings.  Service  life 
was  the  single  most  important  goal.  The  MITS  Program  requirements 
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on  the  F— 1C  transparency  was  planned.  A  bare  (non  medalist) 
polycarbonate  substrate  was  used  as  the  baseline,  but  medalist 
versions  were  also  included  in  the  testing  effort  for  future  (and 
in  reality  selected)  implementation. 


The  overall  technical  approach  is  summarized  in  Figure  l  and  the 
participants  in  the  program  are  shown  in  Table  1.  First  Baseline 
Subscale  tests  were  conducted,  followed  by  additional  subscale 
tests  and  scaled  up  verification  tests.  Full-scale  ground  tests 
and  flight  test  evaluation  are  on  going  currently.  All  of  these 
f X wStcS.  to  GV2 lust io?a  snd  upd5 of  toot  methods 

ultimately  a  four  year  coating  test  methodology.  The  Program  was 
managed  be  the  Flight  Dynamics  Directorate  with  the  prime 
contractor  being  General  Dynamics  (now  Lockheed) .  Most  testing 
materials  were  provided  by  PPG,  Sierracin/Sylmar ,  Swedlow  (now 
Pilkington) ,  and  Texstar.  Testing  was  conducted  by  the  University 
of  Dayton  Research  Institute,  General  Dynamics,  PPG, 
Sierracin/Sylmar,  Swedlow,  and  Texstar.  Evaluation  was  conducted 
by  everyone  involved. 


Eighteen  candidate  coating/ substrate  combinations  were 
evaluated.  Both  polycarbonate  and  acrylic  substrates  were  employed 
in  bare  and  metalized  (enha.  ced  gold  and  indium  tin  oxide  ITO) ) 
conditions.  The  type  coatings  tested  included  hard  coats,  liners, 
and  thin  films.  The  application/processing  requirements  for  the 
candidates  included  casting,  lamination,  and  flow  coat.  Tables  2 
and  3  show  the  general  characteristics  of  the  tested  candidates. 
The  samples  were  coded  by  manufacturer  and  type,  specific  details 
must  be  obtained  directly  from  the  manufacturing  company. 
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Overall  Technical  Approach  for  Advanced 
Coatings  Investigations 

FIGURE  1 


Advanced  Coatings  Project  Team 
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DESCRIPTION  OF  CANDIDATE  COATINGS  DESIGNS  ON  BARE 
POLYCARBONATE 


MANUFACTURER 

CODE 

TYPE 

- - - 

PROCESSING 

PPG 

A 1 

POLYURETHANE  LINER 

CELL  CAST  FLAT 

SWEDLOW 

01 

POLYURETHANE 

APPLIED  TO 

02 

FINISHED-CONTOUR 

D3 

- 

PARTS 

SlERRACiN 

£3 

POLYURETHANE  SOFT  COAT 

flow  coat 

TEXSTAR 

FI 

COMPLEX  ACRYLIC  THIN  FILM 

FLOW  COAT 

F2 

SAME  AS  F4 

— 

F3 

thin-film  polyurethane. 

FLOW  COAT 

F-i 

POLYURETHANE  LINER 

LAMINATED 

TABLE  2 


DESCRIPTION  OF  COATINGS  DESIGNS  ON  ACRYLIC  AND/OR 
METALLIZED  SUBSTRATES 


MANUFACTURER 

CODE 

TYPE 

SUBSTRATE 

PROCESSING 

SWEDLOW 

CM 

POLYURETHANE  (01) 

EG / POLYCARBONATE 

APPLIED  TO 

03 

m 

EG / POLYCARBONATE 

FINISHED-CONTOUR 

05 

(03) 

EG /POLYCARBONATE 

"Anl5 

07 

(01) 

ITO  /  POLYCARBONATE 

DS 

(02) 

ITO/  POLYCARBONATE 

OS 

(01) 

ACRYLIC 

.  010 

(01) 

EG  /  ACRYUC 

SlERRACiN 

El 

POLYSIUCATE  HARO  COAT 

ACRYLIC 

FLOW  COAT 

62 

POLYSIUCATE  UETAL 

ACRYLIC 

FLOW  COAT/ 

SYSTEM  (ITO) 

VACUUM  SPUTTER 

64 

POLYSIUCATE  METAL 

POLYCARBONATE 

FLOW  COAT  / 

SYSTEM  (TTOJ 

VACUUM  SPUTTER 

Table  .3 


Although  each  of  the  participating  suppliers  conducted  their  own 
tests  on  their  candidate  materials,  only  those  tests  that  were 
conducted  by  the  University  of  Dayton  (UDRI)  and  General  Dynamics 
(GDFW)  on  all  candidates  will  be  summarized. 


DISCUSSION 


The  testing  conducted  on  the  MITS  Advanced  Canopy  Coating 
Program  was  based  on  a  methodology  developed  for  this  program,  but 
with  a  more  general  goal  of  defining  a  comprehensible  testing 
methodology  for  estimating  the  potential  service  life  of 
transparency  materials.  In  order  to  define  this  methodology  we 
solicited  inputs  from  both  the  MITS  subcontractors  and  the 
transparency  community  in  general  through  ASTM  Subcommittee  F7.08. 
After  a  survey  of  these  participants  regarding  the  most  important 
natural  hazards  that  limit  service  life  and  the  most  effective  way 
of  testing  resistance  to  these  hazards,  we  selected  the  baseline 
laboratory  tests  listed  in  Table  4  as  the  initial  "combined- 
environment"  tests.  These  tests  may  be  updated  and  revised  in  the 
future  as  results  and  feedback  from  full-scale  testing  becomes 
available. 

Although  baseline  tests  on  unweathered  samples  were  conducted, 
all  the  testing  included  simulated  weathering  plus  testing  in 
another  environment.  A  QUV,  Q-Panel  Co.,  machine  that  combines  the 
effects  of  UV  wavelengths  of  sunlight  with  heat  and  condensation 
was  used  to  simulate  accelerated  weathering.  The  test  operates  in 
alternating  cycles  of  7  hours  UV  followed  by  5  hours  condensation, 
with  168  hours  run  time  equal  to  one  year.  We  used  four  years,  672 
hours,  accelerated  weathering  time.  It  is  interesting  to  note  that 
artificial  weathering  by  itself  has  very  little  effect  on  the  haze 
characteristics  of  all  the  coatings  tested.  All  coatings,  as  shown 
in  figures  2  and  3,  passed  the  MITS  requirement  of  less  than  6  % 
haze  after  4  years  of  QUV.  Artificial  weathering  by  itself  then  is 
not  a  good  discriminator  to  aid  in  service  life  estimation. 

Rain  erosion  tests  were  conducted  at.  the  University  of  Dayton 
Research  Facility  located  at  Wright  Patterson  AFB.  This  facility 
uses  a  1  inch/hour  rainfall  rate.  Samples  were  tested  at  a  30 
degree  installation  angle  at  350  knots  (400  mph) ,  500  mph,  and  500 
knots  (576  mph).  The  test  was  conducted  at  l,  5,  10,  30,  and  60 
minute  intervals,  with  a  20%  coating  removal,  pitting  or 
delamination  criteria  used  for  failure.  The  minimum  screening 
criteria  was  no  damage  after  5  minute  exposure  at  350  knots.  Cast 
acrylic  samples  were  used  for  comparison  and  appear  in  the 
following  tables  with  the  designation  Gl.  Figures  4  and  5 
summarize  the  rain  erosion  results  for  the  coatings  at  the  576  mph 
(500  knots) . 

The  stress-craze  tests  were  conducted  using  ASTM  F-484  and  F-791  as 
guidelines.  A  maximum  fiber  stress  (cantilever-beam  loading)  of 
4000  psi  was  used  to  accelerate  failure.  Our  goal  was  to  cause 
failures  and  provide  a  severe  screening  environment  for  the  coating 
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HAZE  AND  TRANSMITTANCE  OF 
WEATHERED  COATED  POLYCARBONATE 

ARE  ACCEPTABLE 


Haze  Ml  Transmittance 


TRANSMITTANCE  OF  WEATHERED 
>ATED  PC  &  AC  ARE  ACCEPTABLE 


MATERIAL  DESIGNATION 


!  EROSION  TEST  RESULTS,  576  MPH 
R  RAIN,  30  DEGREE  IMPACT,  60  MINUTE 


Material  Designation 


RAIN  EROSION  TEST  RESULTS, 
576  MPH  1"/HR  RAIN, 

20  DEGREE  IMPACT, 60  MINUTE 


candidates.  The  chemicals  tested  (ethylene  glycol,  isopropyl 
alcohol,  toluene,  JP-4  jet  fuel,  and  an  MEK/Water  mix)  were 
selected  as  representative  hazards  on  the  flight  line  environment. 
Testing  was  done  at  room  temperature,  and  the  coating  surface  was 
kept  continually  covered  with  fluid  for  30  minutes,  and  the  lowest 
stress  level  to  which  crazing  occurred  was  noted.  Tables  5  and  6 
summarize  results  of  the  stress  craze  tests  after  4  equivalent 
years  of  QUV  weathering. 

The  salt  impingement  (salt  blast)  tests  were  conducted  with  a 
grit  blast  gun  operating  with  controlled  pressure,  duration, 
interval,  and  number  of  blasts.  astm  F-1128  was  used  as  a 
guideline.  Figure  6  summarizes  the  most  severe  salt  blast  testing 
used.  The  4-inch  X  4-inch  sample  is  subjected  to  a  different 
number  of  salt  blasts  on  each  four  locations.  Referring  to  the 
figure,  location  3  on  the  sample  received  8  blasts  after  each 
"year"  (week  in  real  time)  of  QUV  weathering  for  a  total  of  32 
blasts  after  4  equivalent  years.  Figures  7  and  8  summarize  the 
worst  case  results  for  the  coating  candidates.  Figure  9  shows,  for 
reference,  baseline  (unweathered)  results  for  bare  (uncrated) 
polycarbonate,  stretched  acrylic,  and  two  types  of  cast  acrylic 
(Poly-76  and  Poly-84) . 

Figures  10  and  11  show  the  results  for  haze  after  4  equivalent 
years  of  accelerated  weathering  and  600  cycles  oscillating  sand 
abrasion.  The  Bayer  Abrasion  criteria  used  was  ASTM  F735-81,  this 
test  is  essentially  a  shaking  table  test,  not  a  rolling  sand  test 
as  in  Taber  abrasion.  Changes  in  luminance  transmission  for  these 
samples  were  insignificant  and  one  notes  that  only  2  of  the 
candidate  coatings  on  bare  substrate  has  changes  in  haze  greater 
than  4  %. 

Ultra  violet,  visual,  and  infrared  (UV/Vis/IR)  spectrum 
transmission  measurements  were  taken  on  all  coatings  before  and 
after  accelerated  weathering.  These  measurements  (300-900 
nanometer  wavelengths)  showed  that  all  the  coatings  on 
polycarbonate  and  acrylic  had  good  transmission,  greater  than  85% 
on  the  average.  Figures  12  and  13  illustrate  the  difference  in 
UV/VIS/IR  transmissions  for  weathered  and  baseline  samples  for  bare 
polycarbonate  and  metalized  polycarbonate  respectively.  Negligible 
differences  were  noticed  between  the  baseline  and  weathered 
samples.  There  was  a  slight  difference  in  the  transmission  levels 
on  samples  with  metallic  services,  this  was  expected,  and  the 
transmission  measurements  were  acceptable. 

Thermal  cycling  tests  were  conducted  in  which  the  candidate 
coatings  designs  on  polycarbonate  were  cycled  between  room 
temperature  and  an  elevated  temperature  that  ranged  from  250  to  350 
degrees  F,  with  a  level  time  of  10  minutes  at  the  elevated 
temperature.  Visual  inspection  revealed  no  significant 

delamination  or  optical  deterioration  in  the  coatings  after  this 
cycling,  although  most  coatings  became  soft  near  the  350  degree 
level.  Some  self  healing  was  noted  on  samples  that  had  surface 
blemishes  prior  to  the  elevated-temperature  exposures. 
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Values  in  table  are  minimum  stress  to  craze  in  30  minute  test 


X  •'  venote?  no  crazing 

*  -  Denotes  no  crazing  with  coating  softening 

Values  in  table  are  mm'srium  stress  to  craze  in  3C  minute  test 
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FIGURE  6 


LT  IMPINGEMENT  RESULTS 

WEATHERED,  COATED  POLYCARBONATE 


MATERIAL  DESIGNATION 


MATERIAL  DESIGNATION 


METAL-COATED  PC  AND 
SHOW  GOOD  RESISTANC 
OSCILLATING  SAND  ABF./I 


IANY  COATINGS  ON  POLYCARBONATE  SHOW  GOOD 


z 

g 

53 

< 

oc 

CD 

< 

D 

Z 

< 

co 


0 

z 


Lass 

< 


o 

<0 

o 

o 

H 

SJL9 

Z 

2 

CO 

</> 

LU 

cc 


<D 

ZJ 

<0  w 
0  o 

>,  CL 

-1  x 

M"  0 


o  c. 

Vf.  ' 

<o 


N  r  O  (J)  CO  N 
T"  r* 

3ZVH  N 


i 


3DNVH0  % 


EXAMPLE  OF  GREATEST  DIFFERENCE 
BETWEEN  QUV  AND  BASELINE  UWVIS/NIR 
TRANSMISSION  FOR  COATED  PC 


WAVELENGTH  (nanometers) 


TYPICAL  DIFFERENCE  BETW 
QUV  &  BASELINE  UV/VIS/N 
TRANSMISSION  FOR  METAL-COATEI 


The  MITS  team  selected  five  coating  designs  on  bare 
polycarbonate  were  D2,  D3,  Al,  Dl,  and  F3  as  the  top  candidates 
based  on  a  summary  of  all  these  tests.  These  candidates  represent 
three  manufactures  and  coating  types,  slight  differences  in 
thickness  are  the  differences  between  Dl,  D2,  and  D3 .  On  a 
metalized  polycarbonate  top  two  designs  were  D5  and  D8  .  It  should 
be  noted  that  D2,  Dl,  D5,  and  D8  are  all  variations  (thicknesses) 
of  the  same  material.  These  coatings  not  only  passed  each 
criteria,  they  all  demonstrated  outstanding  performance  under  quite 
severe  test  conditions. 

Following  these  coupon  level  results,  scaled  up  testing  was 
conducted  on  types  Al,  D2,  and  F3.  The  coatings  were  applied  to  a 
complex  curvature  (dome  shaped)  samples  approximately  24  inches 
square.  After  accelerated  weathering,  rain  erosion  samples  were 
prepared  and  tested  under  the  same  conditions  described  earlier. 
All  of  these  coatings  again  achieved  better  performance  than  the 
MITS  minimum  requirements. 

In  MITS  Phase  III  the  two  remaining  best  coatings  candidates  are 
being  applied  to  F-16  canopies  for  full  scale  evaluation.  The  MITS 
Program  has  combined  with  the  F-16  54  0  knot  canopy  program  to 
evaluate  a  third  coating  full  scale.  Two  coatings  will  be  on  bare 
polycarbonate,  while  one  selected  will  be  over  a  metalized 
polycarbonate.  Three  full-scale  ground  test  are  planned:  Optical 
evaluation  by  Armstrong  Laboratory  personnel  (AL/CFHO) ;  Structural 
integrity/durability  testing  by  Wright  Laboratory  personnel 
(WL/FIVR) ;  and  Birdstrike  testing  at  AEDC  in  Tullahoma,  Tennessee. 
The  Air  Force  intends  to  conduct  flight  evaluations  of  these 
coatings,  once  they  have  passed  full  scale  evaluation,  at  two 
different  bases. 

Throughout  these  scale-up  and  full  scale  evaluations  we  will 
revisit  our  initial  laboratory  testing  baseline  and  correlate  the 
results  to  update  the  lab  test  methodology  as  appropriate. 

In  addition,  the  Air  Force  is  evaluating  additional  coatings  at 
the  time  of  this  papers  writing.  The  results  of  the  full  scale 
testing  and  the  additional  testing  will  be  presented  in  a  separate 
report  at  a  later  date. 


a  *.  CAUTION :  .  An  assumption  that  a  coating  will  provide  comparible 

performance  on  another  substrate  -or  even  the  same  substrate-  is 
risky  in  this  rapidly  changing  technology  area.  It  is  strongly 
suggested  that  a  coating  being  considered  for  a  specific  point 
design  be  screened  using  this  MITS  criteria. 
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SULL3NER  (UE-100)  ANTI-CHAZING  COAIZKG  VCR  ACRYLICS 
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Acrylic  transparencies  are  currently  affected  by  crises  of  premature  crazing, 
a  phencmanon  commonly  ascribed  to  the  flight  environment  becoming  temporarily 
mere  aggressive. 

A  durable  protection  of  acrylic*  against  crazing  is  provided  by  suUiUSSt 
(UE-100) f  a  chemically  resistant,  "solf-healing",  soft  coating.  Qcnc  into 
service  in  March  1987,  coated  cabin  windows  still  do  no  show  any  trace  of 
crazing  in  spite  of  the  considerable  muter  of  flight  heurs  they  have  logged. 
A  service  life  several  times  that  of  similar  uncoated  parts  is  already  proven- 
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1.  SCOPE 


Acrylic  materials  are  largely  employed  to  produce  aircraft  transparencies 
as  they  show  good  mechanical  and  thermal  properties,  cam  be  easily  formed 
and  machined  and  have  a  lew  density.  Unfortunately,  like  many  other  plastic 
materials,  acrylics  nay  be  affected  by  crazing,  a  pattern  of  tiny 
superficial  fissures  caused  by  the  ccotoined  effects  of  tensile  stresses  and 
chemical  attacks.  The  noderate  resistance  of  acrylics  to  abrasion 
contributes  also  to  initiate  crazing,  as  surface  flews  are  produced  that 
open  the  way  for  water  and  chemicals  to  penetrate  the  material.  Fissures 
tend  then  to  grow  from  the  flaws  and  connect  to  each  others  to  form  a  craze 
pattern.  Dili  awkward  phenomenon  grows  with  service  life  (flight  hours  and 
cycles)  and  progressively  impairs  visibility.  Eventually,  operators  are 
forced  to  remove  the  windows  for  periodical  refurbishing  or  replacement. 
Whenever  volcanic  emissions  and/or  other  atmospheric  phenomena  make  the 
flight  environment  tenporarily  more  aggressive,  crises  of  premature  crazing 
may  occur  that  tremendously  increase  the  maintenance  costs  of  acrylic 
transparencies. 

Goa  ting  acrylics  with  another  material,  more  resistant  to  chemicals  and 
abrasion,  is  undoubtly  the  best  method  to  avoid  crazing.  This  is  why 
Sully/Saint-Gdbain  have  developed  SUUJNER.  Formerly  referenced  UE-100, 
SULLINER  is  a  soft  coating  of  low  cross-larked  urethane  that  is  featured  by 
astonishing  "self-healing”  properties  and  appears  ranartobly  resistant  to 
abrasion,  chemicals  and  weathering.  Extensive  laboratory  testing  and  flight 
evaluations  have  shown  that  SULLINER  fully  protects  acrylics  from  crazing 
with  no  degradation  of  the  basic  material  properties.  The  latter  feature 
allows  any  existing  parts  to  be  coated  with  no  regualif  ication. 

The  SULLINER  coating  process  permits  "pre-coated”  or  "post-coated" 
transparencies.  This  provides  an  appreciable  flexibility  in  SULLINER 
applications  and  all  cockpit  and  passenger  windows,  either  new  or  properly 
repaired,  can  be  coated. 


2.  PROPERTIES  OF  COME) 


V  * 


Haiti  coatings  for  acrylics  intrirwi rally  have  limited  capabilities  of 
elongation  and  iray  develop  tensile  cracky.  Even,  in  seme  cases, 

•  catastrophic  failures  have  beer  observed#  due  to  crank  propagations  firm 
the  coating  to  the  acrylic.  It  is  therefore  essential  to  make  sure  that  the 
original  properties  of  the  coated  material  axe  preserved. 

Although  no  defloration  of  acrylic  was  feared  from  SULLXNER,  due  to  its 
favourable  softness  and  chemical  coipoeltlcn,  tests  have  been  conducted  to 
validate  this  assurpticn.  From  the  results  in  table  1,  it  appears  that 
applying  SULLINER  on  stretched  acrylic  does  not  codify  significantly  the 
material  properties  and  all  MIL-p-25690  requirements  are  met  or  exceeded  by 
the  coated  material. 


AaaLEX  * 


j  MHr-P-25690 
[  requirement 


j  BARE 


COAXED 


r 

j  Thermal  Tw1»wH,#y. 

- !— 

| 

- r 

<  0.5*  ] 

- 1 — 

0.ie%  j 

0.1% 

(  24  hours  -  200*F  <93*C) 

1 - - — 

1 

- 1— 

1 

- L 

1 

- 1 — 

Craze  resistance  /  3000  psi 
30  min  isopropyl  alcohol 
30  min  toluene/isobutyl  acetate 
20  min  sulfuric  acid  (75%) 


Crack  propagation  resistance 
average  (lb/in3/2) 
minimum  - 

Tensile  strength  -  70*F(2l*C) 


In-plane  shear  strength  -  70*F 


|  no  crazing 
j  no  crazing 
j  no  crazing 


!  >2550 

|  >2400 

■4 - 

|  >9000  psi 

I 


I 

|  >3000  psi 


j  no  crazing 
|  no  crazing 
|  no  crazing 


j  2746 

j  2420 

H - 

j  12730  psi 


|  3625  psi 


no  crazing 
no  crazing 
no  crazing 


12500  psi 


3625  psi 


TABLE  1 

*  AO &MX  is  the  stretched  acrylic  material  produced  by  Sully.  AOQrUEX  has 
been  approved  to  the  MIL-P-25690  specification  by  the  US  Naval  Research 
Laboratory  in  1988. 


3.  ADHESION 


SULLINER  shews  an  excellent  adhesion  on  stretched  acrylic  as  100%  adhesion 
at  crosshatch  test  has  bean  found. 


4.  ABRASION  RESISTANCE 


Because  of  its  lew  crosB-liritoi  molecular  structure,  SULLINER  shows  an 
unaonwon  ability  to  spontaneously  reccr.’er  from  scratches  alter  a  start 
period  of  time.  ISiis  "self  -healing*'  capability  providea  SULLINER  with  an 
excellent  abrasion  resistance:  abarcded  ar  cording  to  ASTM  D  1044,  Taber 
test  ntethod,  using  a  CS  10F  vftael  loaded  at  500  g  (l.i  lb)  for  ion  cycles, 
the  coated  samples  feature  12  times  less  haze  theal  the  uncoatsd  sanities. 


i - 

|  uncoated  ACFQtLEX  * 

I  —  A  A.  Jim.— 

i  haze 

h - - 

|  SULLINER  OOa  ted  AORYLEX  * 
|  light  transmission 

I  haze 

u _ _ _ 


unabracbd 


+ 


oi  ->*. 

0.5% 


j  92.7% 
{  0.7% 


*  Stretched  f  ran  Rota  249  cast  acrylic 


TABLE  2 


s.  gjvgggffigr  imias 

The  possible  effects  on  SULLINER  of  bviuidity,  UV  radiations,  tenpeiature 
changes,  salt  spray,  fungi  and  usual  ocntaaiinsnts  have  been  carefully 
investigated. 

5.1  Buai&ity 

.  9JLLINER  coated  sanples  have  been  maintained  for  two  weeks  at  54*C 
(130°F)  and  100%  relative  humidity. 

No  d  terioraticn,  no  loss  of  adhesion,  no  reduction  of  abrasion  or 
craze  resistance  have  resulted  from  this  exposure. 


5.2  UV  radtaticna 


SULLIKER  coatad  samples  have  beei  mpze&i  for  1000  hours  at  40*C 
(104*F)  and  100%  relative  huaiidity  with  UV  radiations  50%  of  the  time. 
Mo  deterioration,  no  loss  at  acireeior.,  no  reduction  of  abrasion  or 
craze  resistance  have  resulted  from  this  exposure. 


5.3  Tteaggargjasre  eyslsa 

SbLLIHa*  coated  sanples  teve  been  submitted  to  tenperature  cycles.  Each 
cycle  assisted  of  4  hours  at  80“C  (1?6*F),  follcwad  by  4  hours  at 
'•'50 "C  (-58*?) . 

Mo  deterioration,  no  loss  of  adhesion  and  no  reduction  of  abrasion  or 
craze  resistance  have  been  fcund  after  100  cycles. 


5.4  salt  spray 

SULLIMSR  coated  maples  have  bean  tasted  according  to  K£L-6H>-81QD 
method  509-2,  procedure  Js  t/Bqperatara  35“C  (95*F),  duration  48  hours, 
MaCl  ooix^entration  5%. 

Mo  deterioration.  has  resulted  from  this  exposure. 


OTT[  T  TWTO  Kmei  >jQdr»  Wj  M~T T 

method  508-3-1,  category  1:  <hrration  28  d ays,  baqparatur©  30 *C  (86°P), 
relative  Jwnudity  95%,  sowing  by  aspexgiJluG  flavus,  aspergilla®  niger, 
aipergiilus  varaioolor,  punicillium  furo-cuicagun  end  chaatcmium 
globosum. 

Mo  fu:>gus  development  and  no  mtenal  deterioration  have  been  observed. 


5.6  Fiuid  oaitaijdRjd:  jy 

host  of  tie  cannon  contaminants  have  no  effect  on  SUUjItffcK.  Seme  nore 
aggressive  chemicals  stay  produce  slight  superficial  degradations,  bat 
the  astonishing  "self-hoaling'’  capability  of  SULUMS*  usually  allows 
tire  material  to  spontaneously  reoovt/  its  original  aspect  after  a 
limited  period  of  t ire. 


Actually,  acrylic  sanples  coated  with  SULLINER  have  been  exposed  to  the 
following  contaminants: 

-  mild  soap  and  water 

-  50%  water  +  50%  alaohol 

-  Kerosene 

-  carton  tetrachloride 

-  ethylen  glycol 

-  oil  F1Q,  F34,  F46,  F54 

-  grease  0353,  0359,  03G2,  S720 

-  hydraulic  liquid  KA20  0150  ,  0156,  C1S0 

Each  of  these  contaminants  has  been  applied  for  48  hours  at  59  "c 
(138"F) .  Mo  permanent  deterioration  has  resulted. 


6.  FLIGHT  EVALUATltWS 

Outer  panes  of  passenger  widows  are  ideal  supports  to  evaluate  art 
anti-crazing  coating,  cinoo  they  usually  warJ*  at  a  nalafcivfciy  lixyh  »U«h®> 
level  and  have  therefore  a  greater  tendency  to  crass  than  othfir  acrylic 
windows.  This  is  why  the  flight  evaluations  of  SUUJNSR  have  bean  mainly 
concentrated  on  cabin  windows  of  transport  aircraft.  Some  parts  have  been 
flown  incaasingiy  since  March  1987  and  have  now  logged  considerable  mnhera 
of  flight  hours  and  cycles. 

-  The  co&tsd  passenger  windows  of  a  Lufthansa  Boeing  747  did  not  show 
any  trace  of  crazing  after  23,000  flight  hours  and  appraecimately 
4,000  cycles. 

-  The  aooZAi  passa ngsr  winder  of  «r.  Airbus  A3Q0  of  Air  Inter  (French 
denes  tic  Airlines)  did  rot  show  any  trace  of  crating  after  9,555  flight 
hours  and  10,153  cycles. 


7.  CCMCU3SICM 

As  established  by  laboratory  and  flight  tests,  SJUdJSES  is  a  soft  coating 
that  totally  prevents  the  acrylic  materials  from  craving  since  it  f ul ly^ 
protacts  them  against  all  dctrijaantal  effects  from  the  flight  environment. 

A  trenendcros  ijrprovwwnt  of  abrasion  resistance  is  also  provided  with  no 
modification  of  the  basic  material  pnsperti^e. 

At  last,  SULUNER  can  be  applied  over  all  oxdqpit  and  cabin  windows,  either* 
new  or  properly  repaired. 
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Abstract 

Electrostatic  charge  buildup  occurs  on  aircraft  transparencies  during  var 
ious  operational  and  atmospheric  conditions.  One  of  the  causes  of  the  charge 
buildup  ccmes  from  particles  such  as  ice  impinging  on  the  transparency  and  leav¬ 
ing  a  net  charge.  This  is  called  precipitation  static  (p-static)  charging.  This 
charging  causes  several  problems  for  aircraft  and  personnel:  electrostatic  dis¬ 
charges  (ESD),  coating  burn  as  a  result  of  ESD,  pilot  and  ground  crew  chock,  dust 
and  sand  attraction  and  adhesion,  and  electromagnetic  interference  on  radios 
and  avionics.  This  project  attempts  to  solve  these  problems  by  understanding  the 
source,  effects,  and  mitigation  strategies  of  p-static  charging  on  airborne  trans¬ 
parencies  by  use  of  computer  modeling  and  laboratory  simulation  to  analyze  and 
evaluate  the  static-charging  susceptibility  of  different  transparency  configura¬ 
tions.  The  validated  computer  model  will  provide  the  necessary  guidance  in  the 
design  of  the  electrical  properties  of  coating  systems  to  find  the  best  system  to 
prevent  or  reduce  the  adverse  effects  of  p-static  charging  on  aircraft  transpar¬ 
encies. 

1.  INTRODUCTION 

1.1  Problem 

Electrostatic  charge  buildup  occurs  on  aircraft  transparencies  during  various  operation¬ 
al  and  atmospheric  conditions.  One  of  the  causes  of  the  charge  buildup  comes  from  particles 
such  as  ice  or  sand  impinging  on  the  transparency  and  leaving  a  net  charge  (usually  negative) 
behind.  This  is  called  triboelectric  charging.  Even  the  friction  of  airflow  over  air  vehicle  sur¬ 
faces  leads  tv  significant  charging,  leaving  the  whole  aircraft  at  a  high  potential  relative  to 
earth  When  excess  charge  arcs  across  the  transparency  to  reach  the  equipotential  airframe, 
the  radio-frequency  noise  is  called  precipitation  static  (p-static) 

This  charging  causes  several  problems  for  aircraft  and  personnel  visible  electrostatic 
discharges  (ESD),  transparency  metallic  thin -film  coating  burns  as  a  result  of  ESD,  air  crew 
and  ground  crew  shock,  dust  and  sand  attraction  and  adhesion  (a  serious  problem  for  helicop¬ 
ters),  and  electromagnetic  interference  on  radios  and  avionics. 

1.2  Approach 

The  problems  associated  with  p-static  charging  have  become  increasingly  troublesome 
with  the  growing  airspeeds  of  modern  aircraft  and  helicopter  s  and  the  increased  use  of  large- 
frontal  surface-area  plastic  (acrylic,  polycarbonate)  transparencies  and  canopies. 

The  goal  of  this  study  is  to  acquire  an  increased  understanding  of  the  processes  associat¬ 
ed  with  buildup  of  excess  charge  on  plastic  transparencies  and  thi.  subsequent  discharge  to  the 
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airframe  "ground.”  As  part  of  this  effort,  a  computer  model  was  developed  to  simulate  the  elec¬ 
trostatic  charge  buildup.  This  model  can  accept  three-dimensional  transparency  geometries 
and  includes  the  effects  of  air  conductivity,  pressure,  and  charging-particle  angle  of  incidence. 
By  using  an  estimated  worst-case  triboelectric  charging  environment  for  jet  aircraft,  the  mini¬ 
mum  conductivity  required  on  the  outer  transparency  surface  to  suppress  ESD  voltages  can 
then  be  calculated. 

New  technology  is  now  available  to  attack  the  two  persistent  problems  of  plastic  trans¬ 
parencies:  vulnerability  to  surface  wear  and  triboelectric  charging. 

A  solution  to  the  abrasive  wear  problem  is  an  exterior  coating  that  is  more  durable  than 
the  plastic.  Such  coatings  have  been  under  development  since  the  early  1980s. 

It  was  realized  that  if  these  new  antiabrasive  coatings  could  be  doped  with  a  conductive 
component  which  did  not  impair  any  of  their  other  properties,  the  p-st,atic  charging  problem 
might  be  solved  at  the  same  time  as  the  abrasion/scratch  problem.  Several  companies  which 
fabricate  aerospace  transparencies  have  developed  such  doped  coatings  which  appear  to  have 
conductivities  in  the  range  needed  to  suppress  ESD  and  its  attendant  effects. 

1.3  Background 

Triboelectric  charging  is  a  phenomenon  whereby  two  electrically  neutral  material  ob¬ 
jects  are  placed  in  mechanical  contact  and  then  separated,  each  gaining  equal  and  opposite 
charge  upon  separation.  Materials  are  ranked  qualitatively  in  a  triboelectric  series  to  denote 
their  tendency  to  give  up  or  attract  electrons.  In  general,  plastics  tend  to  collect  excess  elec¬ 
trons.  During  flight  conditions,  this  buildup  of  excess  charge  relative  to  the  airframe  ground 
can  eventually  lead  to  high  current  discharges  to  nearby  f  round  points  and  result  in  damage 
to  thin-film  metallic  coatings  on  the  transparency.  Th  se  discharges,  together  with  the 
steady-state  bleed-off  of  charge  from  the  airframe,  also  lei  d  to  the  electrical  static  noise  re¬ 
ferred  to  earlier  as  p-static. 

During  the  last  40  years,  a  number  of  studies  have  been  undertaken  to  understand  and 
quantify  the  nature  of  the  p-static  noise  problem  (Refs.  1-6).  This  body  of  work  contains  nu¬ 
merous  references  to  the  magnitude  of  the  charging  term  and  its  dependence  on  atmospheric 
conditions  and  airspeed.  This  information  has  been  reviewed  and  utilized  to  provide  estimates 
of  worst-case  charging  environments.  The  highest  reported  charging  term  (Ref.  7)  was  440 
fiA/va".  To  maintain  an  adequate  safety  margin,  we  assume  U»e  worst  case  charging  environ¬ 
ment  to  be  on  the  ordc  of  1,000  ^A/m2.  Previous  measurements  of  discharge-current  wave¬ 
forms  have  enabled  calculations  of  the  average  energy  released  during  a  discharge  and  its  ef¬ 
fect  on  thin-film  coatings  These  will  be  presented  in  Section  2.  Several  of  these  past  efforts 
have  been  associated  with  laboratory  simulations  of  the  charging  environment  and  provided 
insight  as  to  the  types  of  discharges  observed  (fiashover  vs.  punch  through).  This  work  was 
also  reviewed  and  a  small-scale  charging  simulator  was  constructed  to  measure  discharging 
rates  on  coupon-size  test  samples. 

Previous  researchers  realized  that  an  electrically  conductive  outer  layer  would  be  capa¬ 
ble  of  bleeding  off  the  excess  charge  built  up  during  flight  and  keeping  induced  voltages  below 
discharge  levels.  However,  conductive  coatings  such  as  gold,  stannous  oxide,  or  indium  tin  ox¬ 
ide  (ITO)  are  not  durable  enough  to  be  used  as  exterior  coating  materials  on  plastic  substrates. 
The  recent  development  of  electrically  conductive  polymer  materials  which  can  withstand  the 
rigors  of  high  speed  flight  have  the  potential  for  solving  the  p-static  charging  problem  by  pro¬ 
viding  a  low-resistance  path  to  airframe  ground  for  accumulated  charge  buildup. 


2. 


DISCUSSION 


2.1  Joint  Services  Organization 


This  study  on  the  control  of  p-static  charging  of  air  vehicle  transparencies  is  being  sup¬ 
ported  by  the  U.  S.  Army  and  Air  Force.  The  Army  is  especially  interested  in  mitigating  the 
static  electricity  effects  on  helicopter  transparencies,  while  Air  Force  jet  aircraft  are  exper¬ 
iencing  higher  voltage  effects  that  can  be  hazardous  to  personnel  and  degrading  to  canopies. 
The  cognizant  Army  office  is  the  Army  Research  Laboratory  in  Watertown,  MA,  with  Pete 
Dehmer  being  the  point  of  contact  (POC).  For  the  Air  Force,  the  Wright  Laboratory  at  Wright- 
Patterson  AFB,  OH,  is  handling  the  analytical  aspects,  with  Lt.  Erik  Joy  as  POC.  For  the  Air 
Force  hardware/test  side  of  the  house,  Cape.  Stephen  Hargis  and  Stephen  Wortman  at  McClel¬ 
lan  AFB,  CA,  have  been  coordinating  in  these  areas,  All  of  these  organizations  have  provided 
valuable  inputs  and  support  for  this  study. 

2.2  Analytical  Modeling  of  Proposed  Canopy  Configurations 


As  mentioned  earlier,  excessive  charge  buildup  can  be  controlled  and  maintained  at 
nondischarging  levels  by  giving  the  transparency  an  outer-surface  coating  with  enough  elec¬ 
trical  conductivity  to  carry  the  collected  charge  to  the  airframe  ground  without  requiring  a 
large  potential  gradient.  Developers  of  canopy  substrate  and  coating  materials  are  currently 
pursuing  this  approach  in  two  ways.  The  first  approach  involves  depositing  an  antiabrasive, 
semiconductive  coating  (106-108  ohms  per  square  [Q/sq])  over  the  outer  surface  of  the  dielec¬ 
tric  transparency  and  grounding  this  coating  to  the  aircraft  through  the  transparency  frame. 
Charge  deposited  on  the  transparency  daring  flight,  then  has  «  conductive  path  across  the  can¬ 
opy  surface  to  the  aircraft  structure  thus  avoiding  the  development  of  large  differential  poten¬ 
tials.  The  second  approach  is  to  utilize  a  thin  metallic  coating  (30  Q/sq  Au  or  ITO)  on  the  outer 
transparency  surface  and  then  protect  this  film  v/ith  a  slightly  conductive  antiabrasion  poly¬ 
mer  coating.  With  this  configuration,  deposited  charge  flows  normal  to  the  surface  to  reach 
the  conductive  metallic  layer  and  is  regulated  by  the  buik  resistivity  of  the  conductive  poly¬ 
mer.  The  metallic  film  is  grounded  to  the  fuselage  via  the  canopy  frame.  The  bulk  resistivity 
of  the  conductive  polymers  used  in  both  configurations  must  be  low  enough  to  prevent  dielec¬ 
tric  breakdown  through  the  film  (punch-through  discharge),  as  well  as  surface  flashover. 


These  two  configurations,  together  with  designs  currently  being  flown,  were  analyzed 
assuming  a  steady-slate  charge  injection  rate.  Figure  1  shows  a  ercss-sccticnal  view  of  a  cur¬ 
rent  F-16  transparency  design  together  with  the  two  proposed  configurations.  These  will  be  re¬ 
ferred  to  nerein  as  Design  0,  Design  1,  and  Design  2,  respectively.  In  these  analyses,  a  worst- 
case  incident  charging  current  density  <7,  of  1  mA/m2  was  assumed.  A  circular  slab  geometry 
as  illustrated  in  Figure  2  was  used  to  calculate  the  electric  field  and  potential  profile  as  a  func¬ 
tion  of  radial  distance  to  the  grounded  edge  which  simulates  the  canopy  frame. 


In  Design  0,  a  metallic  film  is  located  on  the  inboard  side  of  the  transparency  and 
grounded  to  the  aircraft  frame.  The  dielectric  material  has  fairly  high  resistivity  ( >  1018  fi-m) 
and  will  quickly  charge  up  to  high  potentials  when  exposed  to  an  incident  current  source.  As  a 
capacitor,  the  voltage  can  be  computed  as 
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(1) 


where  the  integrals  are  over  the  area  of  the  transparency  and  the  time  duration  of  the  charg¬ 
ing  event.  The  capacitance  C  can  be  estimated  as 
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30  fl/sq  gold  coating* 
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0.125  acrylic 


0.500  polycarbonate 
Abrasion  coating  (0.001) 


Conductive 
polymer  (0.004)* 

0.050  interlayer  p 
30  fl/sq  ITO  coating* 


Design  1 
Exterior  Surface 


0.125  acrylic 

0.500  polycarbonate 
Abrasion  coating  (0.001) 


Design  2 
Exterior  Surface 

30  £J/sq  metallic  _ _ , _ , 

Abrasion  coating  (0.001) 


. '  -  •  _  _ _ ■  ~  -c.— »  —  i 


Semiconductive 
polymer  (0.005) 

0.125  acrylic 
0.500  polycarbonate 


31677 

Fig.  1. 


•Grounded  to  airframe 

Current  F-16  canopy  design  (Design  0)  and  two  proposed  canopy  configurations 
using  conductive  overcoats. 


Jj  (A/m 2) 


31678 

Fig.  2.  Cylindrical  slab  geometry  used  to  analyze  charging  of  different  transparency 
material  configurations. 
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where  d  is  the  thickness  of  the  dielectric.  For  a  1-m2  area,  d  “  0.5  inch,  and  a  moderate  charg¬ 
ing  term  of  10 ~4  A/m2,  a  charging  rate  of  70  kV/s  is  readily  achievable.  Unless  a  lov  imped¬ 
ance  outlet  for  the  charge  buildup  is  provided,  dielectric  discharges  (surface  flue- hover  or  balk 
punch  through)  will  occur  when  the  breakdown  voltage  threshold  is  reached.  Typical  break¬ 
down  threshold  field  values  can  range  from  4X105  V/m  (surface  flashover  to  IX  10s  V/m 
(punch  through). 

It  has  been  observed  that,  with  regard  to  Design  0,  gold  films  are  more  prone  to  show 
signs  of  discharge  "tracking'’  than  ITO  coatings.  The  tracking  appear;  to  be  oriented  preferen¬ 
tially  along  the  circumference  of  the  canopy  (perpendicular  to  the  flight  axis)  but  shows  signs 
of  random  changes  in  direction,  similar  to  a  lightning  boh,.  The  tracks  are  typically  1-2  mm  in 
width,  although  gaps  of  up  to  1  cm  have  been  observed  on  severely  damaged  canopies  Using 
the  thermophysicai  properties  of  gold  and  ITO,  and  measured  discharge-current  parameters 
(f  =  1  A,  r=0.33  /is),  the  temperature  rise  produced  by  Joule  heating  in  a  thin  film  during  a 
transient  discharge  cat,  be  calculated  as 


AT  ^ 


Cpd 


(3) 


where  d  io  the  film  thickness  (A),  x  is  the  track  winch ,  p  is  the  mass  density  of  tin  film  materi¬ 
al,  and  C  is  the  specific  heat  (J/g  °C).  The  10f  multiplier  assumes  a  channel  wic.-.h  of  0.1  cm 
and  that  no  significant,  thermal  conduction  takes  plae  :  during  the  time  scale  of  the  discharge 
pulse  «]  ps)  Table  1  summarizes  these  results,  wnicii  show  a  much  larger  temperature  ex¬ 
cursion  for  gold  than  for  ITO.  This  is  due  predominant,  y  to  the  thinner  coating  of  gold  versus 
ITO  needed  to  achieve  On*  desired  surface  resistivity.  A  whicker  layt  r  of  gold  would  be  more  ro¬ 
bust,  but  would  also  suffer  from  a  decrease  in  optical  tr&n  moittance. 


Table  1.  Summary  of  gold  and  Id  J  thin  ihir.  ae«..  i».g  calculations  assuming 
1  A  discharge  current  h  1-mm  track  foj  0.33 jus  duration. 


Material  Properties 

Gold 

ITO 

30  fi/sq  thickness  (A) 

*-» 

O 

4 

301 

Mass  density  (g/cm3) 

15  3 

7.1 

Specific  heat  (J/g  °C; 

0  333 

®-0ii” 

Melting  point  (*C) 

1,004 

1.90C 

Temperature  rise  (°C) 

If  700 

540 

11 1  ■ 

•flaaea  on  bulk  res.isuvir.y  of  the  materials,  in  actual  pructu.-.-,  tr  e  films  h-^ve 
to  be  5  to  10  times  thicker  because  the  mass  density  is  less  than  e  perfe  '.  st  ud. 
However,  the  areal  densiscy  (pd.  will  be  about  the  same  for  the  actual 


thicknesses. 


For  Desigt-  I,  the  incident  charging  current  will  fit  *  rad-alij  to  fht  eog*  :rea:ing  &  ra¬ 
dial  electric  field  given  by 


*  f 


<* 


J 


(4) 


where  Er  is  in  V/m,  ps  is  the  surface  resistivity  in  Q/sq,  and  Js  is  a  surface  current  density  in 
A/to.  The  field  will  increase  as  one  nears  the  edge  of  the  circular  slab,  since  the  current  is  in¬ 
creasing  lineaily  with  radius  as 


es(r)  =  Jt 


nr 
2  nr 


(5) 


Thus,  the  maximum  electric  field  for  Design  1  will  be  at  the  edge  ( r=R )  and  is  given  by 


E 

max 
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(6) 


For  a  0.2-tn  diameter  slab,  and  ps  —  10s  Q/sq,  a  field  strength  of  5X103  V/m  would  be 
present  at  the  edge  of  the  transparency  The  threshold  for  flashover  discharges  in  air  is  about 
4X105  V/m,  so  that  a  safety  margin  of  almost  two  orders  of  magnitude  is  available  with  De¬ 
sign  1.  The  size  of  the  slab  (0.2  m  diameter)  was  chosen  to  correspond  to  the  size  of  test  articles 
which  are  being  examined  under  this  effort.  From  Equation  (6),  one  can  see  that  the  maxi¬ 
mum  field  will  increase  in  a  linear  fashion  as  the  radius  inci eases.  The  maximum  voltage  on 
the  slab  occurs  at  the  center,  and  can  be  obtained  by  integrating  Er  along  the  radius.  For  the 
above  conditions,  VmaI= 250  V. 

For  Design  2,  a  normal  electric  field  is  established  which  drives  the  incident  current 
density  through  the  semiconductive  overcoat  to  the  metallic  film  beneath  and  then  to  airframe 
ground.  Using  Ohm’s  law,  the  field  strength  is  simply 


where  pb  is  the  bulk  resistivity  in  Sl-m  of  the  semiconductive  overcoat,  E„  is  in  V/m,  and  J,  is  in 
A/m2.  For  p;,=  4X 1010  fi-m,  and  assuming  the  worst  case  incident  charging  current  density  of 
10 _3  A/m2,  the  normal  electric  field  strength  will  be  4X 10"  V'm  For  this  particular  coafing 
material,  at  a  5-mil  thickness,  the  bulk  dielectric  breakdown  field  strength  is  on  the  order  of 
1 X 108  v/m,  i.e.,  voltages  greater  than  10  kV  are  needed  to  induce  a  breakdown.  The  calcula¬ 
tion  predicts  a  voltage  level  of  about  5  kV,  so  a  factor-of-i  wo  safe  .;/  margin  is  present  with  Dt  - 
sign  2  for  the  assumed  conditions. 

An  additional  consideration  for  Design  2  is  the  electric  field  strength  in  the  legion  near 
the  edge  of  the  transparency.  Due  to  the  potential  gradient  be  tv  ee:.  the  growdec.  edge  and 
the  top  surface  of  the  semiconductive  overcoat  near  the  edge,  an  tlecuic  field  will  exist  parallel 
to  the  overcoat  surface  which  could  initiate  surface  flashover  discharges.  From  a  steady-state 
analysis  (V-J  =  0)  of  this  edge  region,  an  expression  for  the  tangential  electric  field  can  be  de¬ 
rived  as 

Et~Jipspbd')y'2xexv(-Kx)  Isj 


where  d  is  the  coating  thicK.net s,  x~R  —  r  is  the  distance  from  the  gi  ounded  edge  frame  .me  K 
is  defined  as  K'i~ps/(pi,d).  Figure  3  plots  the  calculated  electric  Cold  ar:  i  ootcr.tia.  profiles 
near  the  transparency  edge.  Notv  that  the  surface  and  bulk  resistivities  are  treated  indepen¬ 
dently.  Trial  is,  if  the  surface  resistivity  ps  was  jus*,  due  to  the  bulk  eUietrfia.  conduction  paral¬ 
lel  to  the  surface  of  the  overcoat  throughout  its  thickness,  then  ps  -  pycf  However,  the  surface 
resisti  »ity  is  ofien  influenced  strongly  by  surface  conditions,  e.g.,  conu-.mii.antb,  molsi  me,  or 
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Fig.  3.  Electric  field  and  potential  variatic  n  near  grounded  air  isame  for  Lesign  2. 


outgassea  atoms.  The  result  is  that  the  sur.ar.e  resistivity  is  usually  smaller  than  one  would 
calculate  from  the  bulk  res.sti  vity,  at  leas;  for  thin  dielectrics. 

The  importance  of  the  auote  expression  ibr  £,  witi  respec .  to  Design  2  is  that  die.ectric 
surface  breakdown  fields  are  much  smaller  than,  the  fields  requirt  .  for  breakdown  tnrough  the 
bulk  of  a  dielectric,  especially  under  nonvacuum  cond-tion; .  Assuming  p,~PhJd  (worst  case),  a 
maximum  tangential  field  at  x— j  of  £  -  J,  p;,  =  (10~$  A/'n,*:)(4x  iOl«  fi-xnj-4Xi07  V,  m  is 
calculated.  This  is  two  orders  oi'  magnitude  greater  than  typical  surface  breakdown  field 
thresholds  observed  for  dielectrics  *n  air  It  is  envisioned  that  me  susceptibility  of  Design  2  to 
surface  fiashover  near  the  edge  will  oe  examined  in  more  detail  unrough  the  concurrent  tesung 
effort  under  the  present  program. 

2-3  Computer  Modeling  of  Proposed  Canopy  Configurations 

Using  a  previously  developed  electrostatic  computer  code  ca  >ed  EfTACC  (Equation  In¬ 
dependent  Time- Averages  Conformal  Code),  the  two-dimensional  cylindrical  geometry  was 
modfc-ed  in  finer  detail  to  compare  with  cue  above  analytical  resulti  The  code  modeling  was 
also  a  test  of  the  feasibility  of  performing,  a  fuL  three-dimensional  computer  analysis  using  a 
modified  version  of  the  EITACC  codt  (BODY)  developed  by  Jaycor,  Inc.  Both  codes  asc.ime  a 
steady  state  (op/dt— V-J -=0j  and  Gauss’s  law  (VE=p/s),  and  that  Ohm’s  law  holds  (E=pt,J). 
I  he  resistivity,  pb,  is  related  to  the  charge  density  p,  by  the  mobility,  p,  as 


1 


Substituting  for  J  and  p  in  the  s*e.  y  state  relation  yields  the  second-order  equation 

V-(E(V-E)]  =  0  no, 

whicl,  assumes  a  constant  mobility  and  permittivity.  Toe  cooes  solve  this  relation  numerical¬ 
ly  tu  cjitemine  the  vector  electrii  field  E(r,r).  The  potential  profiles  are  calculated  oy  inte- 
g;  aung  the  electric  field  as 
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V(r,2)=- 


E-df 


(11) 
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with  V'=0  at  the  grounded  edges.  As  in  the  analytical  approach,  the  two-dimensional  problem 
was  set  up  as  a  planar  disc  geometry  with  a  uniform  incident  charging  current  density,  Jt.  To 
model  the  conductive  polymer  layer  over  a  dielectric  substrate,  however,  the  coating  was  sub¬ 
divided  into  four  separate  sublayers  with  different  conductivities.  This  corresponds  more 
closely  to  the  actual  nonuniform  conductance  profile  in  the  coating  material.  Figure  4  shows 
the  thickness  and  conductivity  assumed  for  each  of  the  four  sublayers.  Also,  the  finite  conduc¬ 
tivity  of  the  surrounding  air  (pf,  =  4  X 1013  Q-m  at  sea  level)  was  included. 
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Fig.  4.  Configuration  used  to  model  4-mil  conductive  polymer  overcoat  on  Design  1. 

For  J,  =  10-3  AJixfi  (assumed  worst-case  charging  environment),  Figure  5  shows  the 
steady  state  solution  of  the  potential  profile  for  Design  1 .  A  maximum  voltage  relative  to  the 
grounded  edge  of  233  V  was  computed  compared  with  250  V  for  the  previous  analysis.  The 
lower  value  is  due  primarily  to  the  air  conductivity  which  acts  as  an  additional  drain  for 
charging  current.  Figure  6  is  a  closeup  of  the  vector  electric  field  distribution  near  the  edge  of 
the  coating  where  the  largest  field  values  exist.  For  this  configuration,  the  maximum  tangen¬ 
tial  electric  field  is  2  4  X 10*  V/m.  This  is  much  higher  (factor  of  5)  than  the  previous  value  cal¬ 
culated  using  the  uniform  conductance  coating  and  is  due  predominantly  to  the  higher  value  of 
surface  resistivity  in  the  outei  ,*o  sublayers  of  the  coating  model. 

For  Design  2,  no  additional  changes  to  the  coating  model  were  needed  since  the  conduc¬ 
tivity  is  more  uniform  through  the  coating  tliickness  than  in  Design  1.  The  computed  maxi¬ 
mum  voltage  of  5.08  kV  is  very  close  to  what  was  calculated  in  the  previous  analysis  The 
maximum  tangential  electric  field  near  the  edge  is  4.8  X  1C7  V/m,  which  is  dose  to  the  analyt¬ 
ical  result  of  4  X 107  V/m 

Using  the  BODY  code  and  an  engineering  drawing  of  an  F-16  canopy,  a  three- 
dimensional  model  of  the  worst-case  charging  potential  profile  of  this  canopy  type  was  comput¬ 
ed  using  the  two  different  proposed  transparency  designs  as  input  parameters  In  addition  to 
including  the  finite  air  conductivity,  as  was  done  in  the  two-dimensional  case,  the  incident 
charging  current  density  was  made  proportional  to  the  angle  of  incidence  relative  to  the  flight 
vector  (assumed  to  be  parallel  to  the  canopy  axis  for  the  initial  computer  runs).  Thus,  there 
are  regions  of  the  canopy,  e.g.,  overhead  and  along  the  sides,  which  receive  relatively  low 
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Fig.  6.  Vector  electric  Field  E(r,  z)  near  grounded  edge  for  Design  1  with  J,  —  1  mA/m2 
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Fig.  7.  Three-dimensional  contour  plot  of  the  electrical  potential  profile  for  an  F-16 
canopy  with  J;  =  1  mA/m2  parallel  to  the  main  body  axis. 

charging  currents  compared  to  the  forward  facing  surfaces.  Figure  7  shows  the  results  of  run¬ 
ning  this  geometry  for  Design  1.  The  maximum  potential  is  about  80  V.  For  Design  2,  the 
maximum  is  about  1,970  V.  Both  maxima  are  located  on  the  forward  surface  of  the  transpar¬ 
ency,  directly  over  where  the  heads  up  display  (HUD)  is  located  in  the  cockpit.  For  Design  0, 
voltages  on  the  order  of  106  V  are  predicted,  however,  discharge  thresholds  are  reached  well 
below  this  value.  Also,  air  conductivity  becomes  a  limiting  factor  in  the  computer  model  at 
these  higher  potential  levels. 

Future  work  will  include  modeling  of  different  canopy  types,  e.g.,  an  OH-58  helicopter 
transparency  design.  For  helicopters,  charging  current  densities  are  one  to  two  orders  of  mag¬ 
nitude  lower  than  for  high  speed  jet  aircraft;  however,  present  designs  typically  have  a  high- 
resistance  material  on  the  outer  surface  and  reports  of  static  charging  and  dust  attraction  are 
common.  As  an  extension  of  the  present  modeling  techniques,  a  hydrodynamic  airflow  subrou¬ 
tine  will  be  included  in  the  BODY  code  to  determine  the  pressure  profile  over  the  canopy  dur¬ 
ing  flight.  From  Paschen’s  law,  as  the  pressure  decreases  from  1  atmosphere  (atm)  to  levels 
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found  at  high  altitude  (30,000-50,000  ft),  the  breakdown  voltage  also  decreases  for  gap  spae- 
ings  of  0.1-10  cm.  For  high-performance  aircraft,  local  pressure  minimums  on  the  aft  and 
sides  of  the  canopy  may  be  as  prone  to  discharging  as  the  forward-facing  surfaces,  due  to  the 
lower  breakdown  voltage  threshold  in  these  areas. 

2.4  Test  Program 

As  part  of  the  current  study,  a  laboratory  examination  of  the  material  properties  of  com¬ 
monly  used  transparency  materials  and  of  the  newly  proposed  semiconducting  polymer  mate¬ 
rials  is  being  pursued.  Test  coupons  of  uncoated  substrate  materials  (polycarbonate,  acrylic, 
and  stretched  acrylic)  and  of  various  coating  configurations  were  fabricated  by  Texstar. 

The  coupons  are  10-inch  squares  approximately  0.25  inch  thick.  The  polycarbonate  sub¬ 
strate  complies  with  MIL-P-83310,  the  cast  acrylic  meets  MIL-P-5425,  and  the  stretched  acryl¬ 
ic  is  oriented-MIL-P-8184  meeting  the  requirements  of  MIL-P-25600. 

The  following  coats  were  applied  to  the  three  different  substrates,  using  the  material 
types  and  thicknesses  indicated: 

a.  Soft  coat  (1~2  mil):  aliphatic  thermoset  polyurethane. 

b.  Soft  coat  (5  mil):  aliphatic  thermoset  polyurethane. 

c.  Soft  liner  (20-25  mil):  aliphatic  thermoplastic  polyurethane. 

u.  Hard  coat  (0.5  mil):  methyl  polysiloxane  thermoset  resin. 

e.  Semiconductive  coat  (4  mil):  inherently  conductive  polymer  dispersed  in  the  soft- 
coat  formulation. 

These  coupons  provided  the  samples  from  which  the  surface  resistivities  of  the  various 
coatings  could  be  measured.  In  order  to  obtain  a  sample  configuration  from  which  the  bulk  re¬ 
sistivity  of  the  coatings  could  be  determined,  the  above  coatings  were  also  applied  to  sub¬ 
strates  which  had  been  given  a  sputtered  gold  film  of  20  Q/sq.  The  gold  was  treated  to  induce 
an  oxide  layer  for  enhanced  optical  transmission  (enhanced  gold).  The  gold  film  was  left  ex¬ 
posed  around  the  border  of  the  coupons  so  it  could  be  accessed  as  an  electrode. 

As  part  of  the  testing  procedures,  all  test  coupons  are  measured  for  their  bulk  and  sur¬ 
face  resistivities  following  ASTM  guidelines.  A  summary  of  those  test  samples  measured  to 
date  is  given  in  Table  2.  These  properties  are  used  as  input  parameters  in  the  analytical  and 
numerical  modeling  to  further  refine  the  predicted  performance  for  each  transparency  design 
in  a  given  environment. 

In  addition  to  the  static  resistive  properties  of  the  materials,  a  measure  of  the  material’s 
ability  to  store  and  bleed  off  charge  is  made  using  a  high-voltage-corona  charging  facility.  The 
design  of  this  facility  was  based  on  previous  work  (Ref.  1)  and  provides  a  simulation  of  the 
charging  environments  which  might  bo  encountered  during  actual  flight.  Figure  8  shows  a 
schematic  diagram  of  the  apparatus  used  to  deposit  and  measure  the  charge  on  a  10-inch 
square  test  sample.  A  high-voltage  bias  is  applied  to  the  array  of  nails  and  field  emission  from 
the  nail  tips  (negative  bias)  results  in  electron  flow  toward  the  sample,  A  grounded  plate  is  lo¬ 
cated  beneath  the  test  article  to  minimize  the  potential  needed  for  corona  discharge  at  the  nail 
tip.  Typical  bias  potentials  of  30-40  kV  are  utilized  to  deliver  up  to  1  mA  of  charging  current 
to  the  test  sample. 


Table  2  Summary  of  surface  and  bulk  resistivity  measurements  made  on 
test  sample  matrix. 


Substrate  Coating  ps(£ 2/sq)  p{,(Q- m) 


Polycarbonate 


Acrylic 


Stretched 

Acrylic 


None 

3.6X1011 

Hard  Coat  (0.5  mil) 

2.5X1017 

Soft  Coat  (1-2  mil) 

2.0X1014 

Soft  Liner  (20-25  mil) 

1.8X1014 

Conductive  Polymer  (4  mil) 

1012-1013 

None 

9.5X1015 

Hard  Coat  (0.5  mil) 

2.9X1016 

Soft  Coat  (1-2  mil) 

3.5X1013 

Soft  Liner  (20-25  mil) 

5.4X1013 

Conductive  Polymer  (4  mil) 

1.0X1012 

None 

1.2X1017 

Hard  Coat  (0.5  mil) 

2.6X1016 

Soft  Coat  (1-2  mil) 

2.7X1014 

Soft  Liner  (20-25  mil) 

5.2X1013 

Conductive  Polymer  (4  mil) 

2.0X1012 

4.0X1015 


1.3X1016 


3.5X1016 


Top  view 
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Fig.  8.  Diagram  of  high- voltage-corona  charging  source  and  potential  profile  diagnostics. 


To  determine  the  spatial  charge  distribution  on  the  test  article,  a  noncontacting  high- 
voltage  probe  is  moved  in  increments  of  1  cm  and  the  probe  output  is  monitored  on  a  strip  chart 
recorder  to  determine  the  charge  decay  time  constants  Figure  9  shows  a  typical  decay  curve 
for  an  uncoated  polycarbonate  substrate  sample.  From  the  measured  capacitance  of  the  test 
sample,  the  effective  resistance  is  then  calculated  from  the  RC  decay  time  and  compared  to 
that  obtained  from  the  measurements  of  bulk  and  surface  resistivity  and  with  the  numerical 
modeling  output,  which  includes  air  effects. 

3.  SUMMARY  AND  CONCLUSIONS 

To  summarize  the  results  of  the  present  effort  to  date,  we  have  succeeded  in  modeling 
the  charge  up  of  two-  and  three-dimensional  canopy  geometries  using  realistic  material  prop¬ 
erties  and  configurations.  From  past  reports  and  field  observations,  an  estimate  has  also  been 
made  that  the  worst  case  charging  environment  for  high  speed  aircraft  is  on  the  order  of  10- 3 
A/m2.  For  present  transparency  designs,  an  understanding  has  also  been  reached  as  to  the  dif¬ 
ferences  in  performance  of  gold-  and  ITO-coated  jet  canopies,  i.e.,  the  thicker  ITO  coating  is 
much  less  likely  to  reach  melt/vaporization  temperatures  during  discharge  conditions  than  the 
thinner  gold  coating.  From  the  analytical  and  numerical  modeling,  newly  proposed  semicon- 
ductive  antiabrasion  coating  configurations  appear  capable  of  mitigating  the  effects  of  P-static 
charge  buildup  by  providing  relatively  low  impedance  paths  to  airframe  ground  and  thereby 
keeping  impressed  voltage  levels  below  the  thresholds  for  static  discharge. 


Polycarbonate:  MIL-P-83310 


31685 

Fig.  9.  Typical  voltage  decay  curve  measured  for  polycarbonate  (uncoated)  compared 
with  single  and  dual  time-constant  exponentials. 


Further  efforts  in  this  study  will  include  exposing  the  coupons  that  were  tested  for  elec¬ 
trical  properties  by  Jaycor  to  other  environmental  effects  such  as  humidity,  WeatherOmeter, 
UV,  sand  shake,  and  sand  and  dust.  Then  the  electrical  properties  will  be  recharacterized.  Of 
special  interest  will  be  any  loss  of  conductivity  in  the  doped  antiabrasion  coating. 

When  antistatic  coated  transparencies  and  canopies  are  deployed  in  the  air  vehicle 
fleets,  it  may  be  necessary  to  periodically  check  canopy  surface  electrical  conditions  and 
continuity  between  the  surface  and  the  airframe.  A  commercially  available  handheld  surface- 
resistivity  meter  with  decade  resolution  has  been  obtained  and  will  be  investigated  for 
suitability  for  this  purpose. 

As  a  technology  demonstration,  a  test  transparency  for  an  AH-lW  SuperCobra  helicop¬ 
ter  will  be  fabricated  with  an  antistatic  abrasion-resistant  coating.  Several  F-16  canopies 
with  prototype  conductively-doped  coatings  are  presently  being  flown.  They  are  being  evalu¬ 
ated  for  their  ability  to  suppress  the  effects  of  excessive  p-static  charging. 
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Transparency  repair  and  restoration  methods  are  being 
scrutinized  in  an  effort  to  develop  more  effective  systems. 

"Battle  damage  repair"  during  periods  of  conflict  require 
methods  that  are  not  conducive  to  good  repair  but  are 
expedient. 

Day  to  day  flightline  or  maintenance  shop  repair,  while  less 
pressured,  still  suffers  from  the  need  to  get  the  aircraft 
flying  again. 

Logistic  support  centers,  central  repair  stations,  and 
contract  repair  stations  doing  off  the  aircraft  x*epair, 
produce  quality  work  using  time  effective  methods. 

This  paper  presents  an  overview  of  transparency  repair 
situations,  methods  and  personnel.  The  strengths  and 
weaknesses  of  existing  and  experimental  processes  are 
examined . 

Highlighted  are  the  needs  of  aerospace,  commercial  and 
military  aircraft  in  relation  to  transparency  repair.  Data 
collected  over  the  past  25  years  has  been  reviewed  to 
determine  if  methods  for  more  time  effective  transparency 
repair  systems  result  in  sacrifices  in  quality  or  safety. 

The  question  is,  can  transparency  users  live  with  less 
quality  as  a  trade  off  against  speed  of  repair  and  the 
creation  of  expensive  scrap?  Is  such  a  "trade  off" 
necessary  or  only  imagined? 
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Aircraft  transparency  repair  began  shortly  after  the  first 
plastic  windscreen  was  installed  on  an  aircraft. 

The  plastic  was  subject  to  natural  and  manmade  crazing,  bird 
strikes,  rocks  and  other  debris,  and  scratches  of  all  kinds. 
Today  the  most  commonly  repaired  transparencies  are 
variations  of  stretched  acrylic,  polycarbonate  or 
combinations  of  these  materials.  While  much  stronger,  these 
transparencies  are  still  subject  to  the  same  abuse. 

To  repair  or  not  to  repair  --  is  not  the  question.  Given  a 
transparency  price  range  of  $300  to  $30,000  or  more,  repair 
should  always  be  considered. 

Commercial  airlines  have  repaired  cabin  and  cockpit  windows 
for  twenty  years  with  significant  annual  savings.  A  1983 
Navy  study  indicated  that  crazing  removal  on  F-14  canopies 
at  one  base  saved  $1 74, 000/year{ 1 ) .  A  later  Airforce  study 
on  C-141  windows  showed  once  again  the  cost  of  repairing  was 
significantly  less  than  the  cost  of  new  replacement 
material ( 2) . 

Given  a  transparency  that  is  repairable  that  has  a  thickness 
above  manufacturers  minimum,  the  repair  is  a  simple  matter 
of  removing  the  damage  from  the  surface  and  restoring  that 
surface  to  optical  clarity  -  Or  is  it  simple?  The  factors 
of  time,  training  and  quality  are  always  involved  in  any 
transparency  repair. 

The  urgent  need  to  return  an  aircraft  to  service,  during 
time  of  military  conflict  tor  example  may  dictate  a  radical 
departure  from  optimum  repair  procedures.  Line  of  sight 
areas  are  the  most  critical  for  heads  up  display  and  weapon 
sighting.  Other  areas  could  get  by  with  less  than  optimum 
optics . 


(1)  Effectiveness  Report  on  Acrylic  Transparency  Surface 
Restoration  Utilizing  MICRO-MESH  Procedures,  Harold  G, 
Geasley,  Value  Engineering  Administrator,  Naval  Air 
Rework  Facility,  Norfolk,  VA  23511,  February  1983 

(2)  DCASMA  Contract  No.  FO9603-87-C-1 1 74 ,  June  1987 
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However,  other  than  battle  damage  repair,  the  urgency  of 
transparency  repair  normally  drops.  The  time  factor  is  now 
more  related  to  the  economics  of  keeping  the  aircraft 
grounded  long  enough  to  replace  the  transparency  or  do  an 
acceptable  optically  clear  repair. 

The  key  to  producing  an  optically  clear  transparency  is  to 
have  as  simple  a  system  as  possible  to  use.  The  system  must 
be  one  that  produces  the  desired  optical  clearness  with 
minimum  amount  of  time.  The  system  must  be  one  that  can  be 
used  by  personnel  whose  training,  skill  and  motivation  may 
range  from  limited  to  highly  skilled. 

Because  of  this  wide  range  of  training,  a  system  of 
transparency  repair  and  surface  restoration  was  developed 
about  25  years  ago{3)  that  addresses  all  levels  of  operator 
skill  and  training.  This  system  employs  a  two  part  approach 
whereby  common  coated  abrasives  we:  e  used  to  sand  away  the 
damage  and  cushioned  abrasives  were  used  to  restore  the 
optical  clearness.  This  system  is  specified  under  Mil  Spec 
MIL-M-58091 A( 4 )  and  is  incorporated  into  most  aircraft 
manufacturers'  specif icationss . 

This  system  works  because  of  its'  use  of  cushioned  abrasive 
products  and  because  all  the  abrasive  sanding  was  done  by 
hand.  While  hand  sanding  was  not  time  effective,  everyone 
who  used  it  arrived  at  the  same  result  -  optical  clarity i 

For  those  not  familiar  with  normal  transparency  repair,  it 
is  first  necessary  to  remove  material  from  the  surface  to 
the  level  of  the  deepest  damage.  For  example,  on  a  scratch 
.015  deep,  at  least  .015"  of  material  must  be  removed.  The 
removal  can  not  be  localized  but  must  be  spread  over  a  wide 
area  of  the  transparency  or  distortion  will  result. 

After  the  damage  is  removed  the  scratch  marks  from  that 
sanding  step  must  be  removed  with  successive  sanding  or 
polishing  steps  to  achieve  optical  clarity. 

Under  the  pressure  of  time,  the  transparency  users  now  call 
for  machines  rather  than  hand  sanding  as  a  transparency 
restoral  method.  For  commercial  airline  cabin  windows  which 
are  flat  or  nearly  flat,  the  window  can  be  brought  to  a 
milling  or  abrasive  slurry  machine  and  set  on  to  it.  The 
operator  is  only  required  to  push  a  button. 


(3)  Surface  Restoration  Techniques  for  the  Repair  of 
Acrylic  Transparent  Aircraft  Enclosures,  Robert  J. 
Stillman,  Micro-Surface  Finishing  Products,  Inc. 

(4)  MIL-M-5809 1  A,  17  May  1971 
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However,  with  curved  surfaces  such  as  canopies,  windscreens 
or  cockpit  windows  the  machine  must  be  brought  to  the 
transparency  due  to  the  physical  size  configuration  or 
location  of  the  transparency. 

The  machine  most  commonly  used  by  repair  technicians  is  the 
random  orbital  sander  usually  with  a  5"  abrasive  disc  backed 
by  a  firm  foam  pad.  Typically  these  machines  move  the 
abrasive  disc  in  an  elliptical  orbit  at  6000  -  10,000  rpm 
under  no  load.  As  compared  to  hand  block  sanding,  this 
machine  significantly  increases  productivity.  However,  now 
the  operator  has  to  do  more  than  push  a  button.  Without 
using  a  trained  operator  the  use  of  a  machine  will  result  in 
significant  problems. 

The  technician  must  hold  this  3-4  pound  machine,  with 
abrasive  disc  attached,  against  a  curved  surface  and  move  it 
up  and  down  or  back  and  forth  across  the  surface  at  a 
uniform  speed  while  applying  uniform  pressure.  Holding  the 
machine  at  the  wrong  angle,  sanding  too  long  in  one  area  or 
not  maintaining  a  sanding  pattern,  will  result  in  distortion 
to  a  greater  or  lesser  extent.  There  is  great  truth  in  the 
training  axiom  that  putting  distortion  into  a  transparency 
is  a  heck  of  a  lot  easier  than  taking  it  out. 

A  quick  word  here  to  those  advocates  of  robotic  finishing 
where  we  replace  the  operator  with  a  computer  controlled 
robotic  arm.  One  of  the  functions  of  the  trained  technician 
is  to  evaluate  damage  in  all  areas  and  remove  only  enough 
material  in  areas  of  different  damage  to  get  rid  of  damage. 

Gages  to  accurately  measure  depth  of  damage  in  different 
areas  such  as  crazing,  scratches  or  gun  gas  clouding  are 
available.  However,  to  compute  this  and  respond  to 
different  damage  depths  all  across  the  transparency  is  not 
being  done  as  far  as  I  know.  When  all  forms  of  damage  are 
present  on  one  transparency  in  different  locations,  the 
human  technician  can  quickly  adjust  the  removal  rate  to 
accommodate.  However,  when  we  attach  the  transparency  to  a 
robot,  we  set  the  robotic  machine  to  remove  material  to  a 
given  depth  or  to  dwell  for  a  certain  time.  The  benefit  is 
time  and  labor  saved.  But  often  more  material  is  removed  in 
some  areas  than  necessary.  A  well-trained  technician  can 
judge  damage  removal  requirements  and  adjust  as  they  work. 

Whether  human  or  robotic  arm  is  used,  we  still  must  address 
the  problems  of  a  machine  finish.  The  elliptical  orbit  of 
the  random  orbital  sander  produces  a  sanding  pattern  which 
appears  as  a  series  of  "fishhooks"  on  the  plastic.  With 
common  coated  abrasive  discs,  the  abrasive  crystals  are 
fixed  in  position.  The  abrasive  crystals  dig  in  like 
chisels  and  the  fishhook  pattern  they  generate  is  deep. 

Often  even  deeper  random  fishhooks  are  generated  by  the 
unevenness  of  the  common  abrasive  cutting  surface. 
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It  was  observed  in  a  1988  paper  on  crazing  of  acrylic(5) 
"that  crazing  occurs  more  quickly  in  rough  surfaces". 

Common  coated  abrasives,  if  used  by  themselves,  will  leave  a 
potential  craze  producing  scratch  pattern.  This  scratch 
pattern  is  accentuated  by  the  use  of  the  random  orbital 
sanding  machine.  The  machine  and  operator  together  produce 
a  heavier  down  pressure  on  the  abrasive  than  a  hand  sanding 
block . 

The  .<ey  to  produce  the  best  surface  finish  on  a  transparency 
is  to  revert  to  the  previously  mentioned  military 
specification  method  which  starts  with  common  abrasive  to 
remove  damage  but  uses  cushioned  abrasives  to  remove  the 
deep  scratches  of  the  common  abrasive  and  restore  the 
optical  clarity.  Since  cushioned  abrasives  can  be  used  on  a 
random  orbital  sander,  the  time  element  is  improved 
significantly . 

Cushioned  abrasives  are  built  with  a  thin  resilient  layer 
between  the  backing  and  the  abrasive  crystal.  This  allows 
the  abrasive  crystal  to  recede  to  a  common  level  when 
applied  to  the  transparency.  This  engineering  produces  a 
planing  action  rather  than  a  chisel  action  on  the 
transparency  surface  with  the  result  of  no  deep  scratches  to 
propagate  crazing. 

Typical  of  industrial  applications,  using  cushioned  abrasive 
discs  on  the  transparencies  produce  optical  clarity  in  fewer 
steps  than  common  coated  abrasives  discs.  Fewer  steps  mean 
less  total  time  the  technician  must  spend  on  the 
transparency  with  abrasives  and  a  random  orbital  sander. 

This  shortened  sanding  time  reduces  the  chances  for  a 
distorted  surface. 

The  issue  of  time  in  transparency  repair  is  unquestionably 
important.  Taking  the  sanding  materials  from  the 
technicians  hand  and  putting  those  materials  on  a  machine 
such  as  a  random  orbital  sander  will  enable  the  technician 
to  do  more  in  less  time. 

Now  the  question  becomes  one  of  time,  versus  training, 
versus  quality.  Without  adequate  training,  inadequate 
quality  results.  Inadequate  quality  means  we  must  either 
A),  rework  the  transparency  which  takes  more  time  or  B) . 
scrap  the  expensive  transparency  and  buy  new  at 
significantly  greater  expense. 


(5)  UDR-TM-88-23  Crazing  of  Acrylic  as  Function  of  Surface 
Smoothness,  Kevin  L.  Poorman  &  Blaine  West,  University 
of  Dayton  Research  Institute,  July  1938 
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To  accomplish  a  quality  repair  the  operators  must  be  trained 
to  use  the  tools,  gages,  and  machines.  The  FAA  requires  an 
18  month  apprenticeship  under  FAA  certified  trainers  to 
become  a  certified  transparency  repair  person(6).  This  rule 
also  allows  a  certified  A  &  P  mechanic  to  do  this  work  with 
little  specific  training.  Military  training  programs  vary 
with  the  need  of  a  particular  base,  aircraft  type  and 
frequency  of  repair  normally  done.  The  unfortunate  cost  of 
the  inconsistency  of  these  programs  comes  in  the  form  of 
many  scraped  transparencies. 

To  accomplish  a  quality  repair  the  correct  machine 
techniques  and  materials  must  be  used.  Using  the  right 
machines  and  materials,  such  as  cushioned  abrasives  that 
require  less  effort  and  less  time  spent  in  contact  with  the 
transparency,  will  reduce  quality  errors.  The  technicians 
must  be  trained  to  evaluate  damage  and  how  to  use  a  grid 
board.  They  should  have  thickness  measurement  gages  and 
minimum  thickness  specifications  so  they  know  how  much 
material  can  be  removed.  The  importance  of  quality  repair 
is  directly  related  to  pilot  safety.  Keeping  records  of  a 
repair  and  the  history  of  the  transparency  also  prevents 
serious  quality  errors. 

The  concerns  of  this  conference  center  around  providing  a 
window  through  which  a  pilot  or  passenger  can  see  with 
optimum  clearness  and  adequate  safety.  I  have  addressed 
concerns  that  are  directly  related  to  these  two  issues. 

If  we  are  to  maintain  optical  quality  when  repairing  a 
damaged  transparency,  the  time  to  do  the  work  must  relate  to 
the  level  of  training  and  skill  of  the  worker  and  the  tools 
and  materials  at  his  disposal.  Anything  else  will  result  in 
safety  concerns  and  scrap. 


(6)  FAR  65.101 
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ABSTRACT 


Triboelectric  charging  on  the  outboard  surface  of  F-16  forward  transparencies  is  a 
major  problem,  especially  for  soNr  coated  designs.  The  electrostatic  charge  build¬ 
up  and  associated  discharging  iesults  in:  shock  hazards  to  pilots;  damage  to  the 
transparency,  especially  to  the  solar  coating  system  in  the  form  of  burn  tracks; 
v'.sual  distractions  in  flight  from  "St.  Elmo's  tire";  and  communication,  navigation, 
and  electrical  subsystems  interference  and  noise.  Damage  to  the  solar  coating 
system  often  results  in  premature  replacement  of  forward  transparencies, 
sometimes  after  a  single  flight. 

An  exterior  surface  electrostatic  discharge  damage  prevention  coating  system 
(EDS)  has  been  developed  by  Pilkington  Aerospace  Inc.  The  EDS  coating  system 
consists  of  a  polyurethane  protective  liner  topcoat  (SS-6831)  and  an  Enhanced 
Gold  conductive  coating.  The  Enhanced  Gold  coating  also  functions  as  a  solar 
coating. 


This  paper  suumi&rizes  the  results  of  a  program  sponsored  by  the  Ogden  Logistics 
Center,  F-16  Structural  &  Systems  Section  (OO-ALC  /  LAAEA)  to  qualify  the  EDS 
coating  system  to  the  F-16  Transparency  Critical  Item  Development  Specification 
(16ZK002E)  and  to  scale-up  and  manufacture  prototype  F-16  A/C  forward 
transparencies  for  flight  test  evaluation  (Contract  No.  F42600-89-D-0658,  D.O. 
0074).  Three  EDS-coated  forward  transparencies  were  manufactured  and 
delivered  to  McConnell  Air  Force  Base  in  February,  1993,  where  they  are 
currently  undergoing  flight  evaluation  testing. 


Performance  data  for  the  EDS  coating  system  are  presented.  Qualification  test 
results,  including  specimen-scale  impact  and  full-scale  p-static  testing,  are 
summarized.  The  EDS-coated  forward  transparencies  are  described  and  field 
performance  results  obtained  to  date  are  presented.  Birdstrike  test  results  for  a 
new  550  knot,  EDS-coated  F-16  A/C  forward  transparency  design  are  also 
discussed. 
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INTRODUCTION 


Pilkington  Aerospace  Inc.  (PAI)  has  developed  a  family  of  transparent  electrically 
conductive  /  protective  liner  coating  systems  for  use  on  the  exterior  surface  of 
plastic  aircraft  transparencies.  The  coatings  may  be  applied  to  large  compound 
curved  shapes  such  as  those  currently  used  for  military  jet  fighters. 

One  of  the  PAI  coating  systems.  Enhanced  Gold  conductive  coating  with  SS-6831 
protective  liner,  was  recently  evaluated  as  a  part  of  the  M1TS  Advanced  Canopy 
Coatings  Program  (ACCP).  The  coating  system  corresponds  to  samples  coded  "D- 
4"  and  "D-5"  from  the  MITS  Critical  Design  Review  (REF  1).  As  a  part  of  the 
ACCP  Program,  the  coating  system  underwent  extensive  durability  testing  with 
impressive  results.  The  Enhanced  Gold  /  SS-6831  system  emerged  as  the  only 
conductive  coating  system  to  pass  the  MITS  environmental,  mechanical,  erosion, 
and  optical  test  requirements. 

The  F-16  solar-coated  forward  transparency  has  been  plagued  to  date  by 
substantial  electrostatic  charging  problems.  Based  on  the  performance  from  the 
ACCP  program,  PAI  proposed  that  its  exterior  surface  coating  system  could  be 
used  on  current  F-16  forward  transparencies  to  eliminate  the  static  charging 
problems. 

A  contract  was  issued  to  evaluate  the  coating  system  thru  the  F-16  Structural  & 
Systems  Section  (LAAEA),  Ogden  Logistics  Center,  Hill  Air  Force  Base  (OO-ALC). 
Mr.  Reed  Nelson  served _as  the  program  engineer.  The  program  was  managed  for 
OO-ALC  by  Lockheed  f  ort  Worth  Division  (formerly  General  Dynamics  Fort 
Worth  Division)  as  a  call  contract  (No.  F42600-89D-0658,  D.O.  0074).  Mr.  Lynn 
Early  was  the  engineer  at  Lockheed. 

The  program  objective  was  to  qualify  the  PAI  coating  system  to  the  requirements 
contained  in  the  F-16  Transparency  Critical  Item  Development  Specification 
(16ZK002E),  to  scale-up  and  manufacture  prototype  F-16  forward  transparencies 
with  the  coating  system,  and  to  evaluate  the  prototype  parts  via  flight  testing.  The 
program  started  in  February,  1992;  three  prototype  parts  were  delivered  in 
February,  1993, 

TRANSPARENCIES  AND  ELECTROSTATIC  CHARGING 

Transparency  electrostatic  charging  is  caused  by  the  impact  of  a  transparency  in 
flight  with  quantities  of  particles  such  as  dust,  ice,  snow  or  rain  droplets  in  a 
process  known  as  triboelectric  or  frictional  charging.  Sometimes  the  phenomenon 
is  also  referred  to  as  precipitation  static  (or  p-static)  charging  since  it  is  often 
associated  with  "static"  noise  detected  over  aircraft  communication  systems. 

Electrostatic  charging  results  from  a  charge  transfer  mechanism  where  initially 
neutral  particles  impact  with  a  transparency  surface,  move  away  with  a  net 
charge,  usually  positive,  acquired  from  the  surface  contact,  and  leave  an  opposite 
and  equal  charge,  usually  negative,  on  the  transparency  surface.  The  process  may 
be  regarded  as  a  continuous  current  source  event  because  the  deposition  of 
additional  charge  does  not  depend  on  the  amount  of  charge  previously  transferred 
to  the  surface.  Therefore,  unless  a  charge  dissipation  mechanism  is  in  place, 


charge  can  continue  to  be  transferred  to  the  exterior  surface,  even  when  the 
surface  is  highly  charged,  such  that  hundreds  of  kilovolts  of  surface  potential  can 
be  generated. 

F-16  ELECTROSTATIC  CHARGING  PROBLEMS 

Solar  coated  F-16  forward  transparencies  currently  have  an  electrically  conductive 
coating  located  cn  the  interior  surface.  The  conductive  coating  is  attached  to 
system  ground  thru  the  transparency  frame  via  grounding  bushings.  In  general, 
location  of  a  conductive  coating  on  the  interior  surface  (or  within  a  laminate) 
increases  the  severity  of  electrostatic  charging  problems  for  transparencies.  This 
has  been  the  case  for  the  F-16. 

During  an  electrostatic  charging  event,  charge  deposited  on  the  outside  surface 
results  in  the  generation  of  "mirror"  charge  of  opposite  polarity  on  the  conductive 
coating  on  the  inside  surface.  The  mirror  charge,  in  turn,  holds  the  outside  surface 
charge  more  efficiently  thus  allowing  more  charge  to  be  bound  to  the  outside 
surface.  The  resulting  system  may  be  thought  of  as  a  capacitor,  consisting  of  the 
bound  outside  surface  charge  as  one  electrode,  the  conductive  coating  with  mirror 
charge  as  the  second  electrode,  and  the  structural  cross-section  as  the  dielectric. 

For  the  F-16,  in-flight  electrostatic  discharging  has  resulted  in  significant  damage 
rates  to  the  inside  surface  solar  coating  (REF  2).  The  damage  often  results  in 
premature  replacement  of  transparencies,  including  some  after  a  single  flight. 
The  damage  usually  occurs  in  the  form  of  burn  tracks  that  typically  extend  hoop- 
wise  across  the  transparency. 

When  enough  charge  is  built-up  on  the  outside  surface  in  flight,  the  charge  flashes 
over  the  surface  to  the  frame  or  some  other  attachment  point.  When  the  flash-over 
occurs,  mirror  charge  also  flows  thru  the  solar  coating  in  a  transient  current  pulse. 
The  pulse  may  exceed  the  current  carrying  capability  of  the  relatively  thin  and 
fragile  solar  coating.  When  this  occurs,  the  coating  can  be  evaporated  and  burn 
tracks  formed.  The  tracks  can  then  isolate  different  areas  of  the  solar  coating  from 
each  other  and  cause  arcing  between  these  isolated  areas. 

In-flight  surface  flash-over  also  results  in  additional  problems  for  the  F-16.  "St. 
Elmo's  fire"  from  the  flash-over  can  temporarily  blind  or  at  least  distract  a  pilot, 
especially  at  night.  The  flash-over  also  produces  secondary  current  transients  in 
electrical  subsystems  and  may  produce  noise  and  interference  in  communication, 
navigation,  and  avionic  equipment. 

Shock  hazards  are  also  a  problem.  A  pilot  may  be  shocked  in  flight  from  the  mirror 
charge  and  current  transients  that  are  generated  on  the  inside  solar  coating 
surface,  especially  if  he  reaches  toward  the  inside  surface.  It  is  also  possible  for 
ground  crew  to  be  shocked  from  residual  charge  stored  on  the  outside  transparency 
surface  after  the  aircraft  has  landed.  Just  as  a  capacitor  can  store  charge  for  a 
significant  period  of  time,  an  F-16  transparency  can,  depending  on  humidity  and 
atmospheric  conditions,  remain  charged  for  hours  after  landing.  Crew  chiefs  have 
been  shocked  so  severely  that  their  arms  have  been  numbed  for  hours. 


EDS  DESIGN 


The  Pilkington  Aerospace  Inc.  EDS  design  utilizes  a  conductive  coating  on  the 
exterior  surface  of  the  transparency  to  eliminate  the  F-16  electrostatic  charging 
problems.  The  conductive  coating  provides  a  pathway  to  continuously  drain 
charge  deposited  on  the  outside  surface  to  system  ground.  By  providing  such  a 
continuous  path,  all  of  the  problems  discussed  in  the  previous  section  are 
eliminated.  Surface  voltages  needed  to  create  flash-over  in-flight  are  never 
reached. 

An  exterior  surface  coating  system  was  proposed  for  the  F-16  as  early  as  1981  by 
General  Dynamics  (REF  3).  However,  until  the  recent  development  of  the  PAI 
Enhanced  Gold  /  SS-6831  coating  system,  the  technology  for  a  durable  exterior 
conductive  coating  system  for  plastic  transparencies  did  not  exist.  For  glass-faced 
windshields,  however,  anti-static  coatings  have  been  used  for  many  years, 
including  for  the  B-1B.  Exterior  glass  anti-static  coatings  have  been  quite 
effective  in  eliminating  electrostatic  charging  problems. 

The  EDS  coating  system  is  shown  schematically  in  Figure  1.  The  exterior  surface 
is  coated  with  Enhanced  Gold  and  SS-6831  liner.  The  Enhanced  Gold  also 
functions  as  the  solar  coating.  SS-6831  is  a  durable  polyurethane  protective  clear 
coat  for  the  Enhanced  Gold  which  is  applied  at  a  thickness  of  approximately  0.005 
inch. 

Because  the  Enhanced  Gold  coating  on  the  outside  surface  also  functions  as  the 
solar  coating,  the  interior  surface  solar  coating  is  not  needed  with  the  PAI  EBS 
system.  Therefore,  the  interior  solar  coating  is  removed  from  transparencies 
(where  it  exists)  and  replaced  with  SS-6590,  a  silica-filled  polysiloxane  hard 
abrasion  resistant  coating.  SS-6590  protects  the  interior  polycarbonate  surface 
from  scratches,  marring,  and  environmental  degradation.  SS-6590  is  currently 
used  on  B-1B  and  B-2  windshields. 

To  drain  electrostatic  charge  to  system  ground,  the  Enhanced  Gold  coating  must  be 
grounded  to  the  transparency  frame  around  the  circumference  of  the  part.  The 
prototype  parts  delivered  under  the  EDS  Program  were  grounded  by  a  conductive 
paint  tnat  was  placed  over  the  outside  surface  of  the  edge  of  the  transparency 
above  the  stop  crack  groove  and  on  the  top  face  of  the  bushings.  .An  electrically 
conductive  dry  fairing  seal  contacted  the  paint  and  grounded  the  EDS  coating 
directly  to  the  canopy  frame  side  fairings.  Future  configurations  will  ground  the 
EDS  coatings  to  the  grounding  bushings  currently  used  on  the  F-16. 

EDS  COATINGS 

Enhanced  Gold  is  a  multiple  layer  coating  in  which  a  gold  film  is  sandwiched 
between  antireflective  dielectric  or  semiconductor  layers.  The  multi-layer  gold 
stack  has  improved  light  transmittance  and  durability  compared  to  conventional, 
single-layer  gold,  Although  Enhanced  Gold  has  somewhat  lower  light 
transmittance  and  more  color  than  ITO,  it  has  superior  ductility  and  strain 
allowable  compared  to  ITO  and  can  withstand  exterior  surface  thermal !  pressure 
cyclic  loading. 


SS-6831  protective  polyurethane  liner  is  an  extremely  tough  material  optimized 
for  exterior  surface  durability  (REF  4).  It  has  excellent  tear  strength,  abrasion 
resistance,  and  erosion  resistance  (rain,  sa  d,  dust).  SS-6831  is  formulated  with 
UV  absorbers,  antioxidants  and  heat  stabilizers  to  further  enhance  its  inherent 
environmental  resistance  and  to  protect  the  underlying  Enhanced  Gold  film.  SS- 
6831  also  contains  a  proprietary  treatment  to  efficiently  drain  electrostatic  charge 
thru  the  coating  to  the  Enhanced  Gold  film  below. 

The  EDS  coating  system  has  undergone  extensive  durability  testing  at  Pilkington 
Aerospace  Inc.  and  at  independent  laboratories.  It  was  the  only  conductive  coating 
system  on  plastic  to  pass  the  MITS  Program  durability  requirements  from  the 
ACCP  program. 

16ZK002E  QUALIFICATION 


The  performance,  design,  development,  and  test  requirements  for  F  16 
transparencies  are  documented  in  16ZK002E,  the  Critical  Item  Development 
Specification.  Along  with  the  proposal  for  the  EDS  program,  Pilkington  Aerospace 
Inc.  submitted  a  Qualification  By  Similarity  Report  (REF  5)  to  General  Dynamics. 
The  report  contains  data  from  previous  testing  of  the  EDS  coating  system  that 
were  applicable  to  the  16ZK002E  requirements.  General  Dynamics  responded 
with  a  test  plan  (REF  6)  which  qualified  by  similarity  many  of  the  performance 
requirements  from  16ZK002E.  Additional  sub-scale  tests  were  successfully 
completed  for  solvents/craziiig  and  specimen  scale  impact  requirements.  A  full- 
scale  test  was  performed  to  demonstrate  electrostatic  charge  drain  capability. 


Additional  coupon  scale  high  strain  rate  impact  testing  was  performed  on  samples 
sectioned  from  an  F-16  transparency.  A  set  of  control  samples  without  EDS 
coatings  was  tested  alongside  the  coated  samples.  The  testing  was  conducted  at 
the  University  of  Dayton  Research  Institute  in  October,  1992.  The  tests  were 
performed  using  three-point  loaded  beam  specimens  per  ASTM  F736,  Type  B.  The 
strain  rate  was  70  - 100  in/in/sec  and  the  samples  were  impacted  on  the  EDS  coated 
side  (because  the  EDS  coatings  are  on  the  exterior  surface). 


Test  results  are  presented  in  Figure  2.  The  test  demonstrated  that  there  was  no 
reduction  in  impact  threshold  energy  density  from  application  of  the  EDS  coatings. 
Actually,  the  EDS  coated  samples  had  higher  damage  threshold  energies  than  the 
uncoated  control  samples. 


550  KNOT  DESIGN  BIRD  STRIKE  TEST 


In  addition  to  the  subscale  impact  tests,  a  full-scale  F-16  part  has  been  bird  strike 
tested.  An  F-16  A/C  forward  transparency  constructed  from  a  two-ply 
polycarbonate  laminate  (polycarbonate  exterior  ply  /  interlayer  /  polycarbonate 
interior  ply)  with  the  EDS  coating  system,  including  SS-6590  abrasion  resistant 
coating  on  the  interior  surface,  was  successfully  bird  strike  tested  at  Lockheed  Fort 
Worth  Division  on  10  March,  1993.  The  test  was  conducted  with  a  Lantirn  HUD. 
Bird  velocity  was  measured  at  548  knots.  The  new  bird  strike  and  EDS  upgraded 
part  configuration  is  identified  as  Pilkington  Aerospace  Inc.  part  number  93109-1 . 


The  structural  subassembly  for  the  test  part  was  designed  and  manufactured  by 
Texstar,  Inc. 

FULL  SCALE  ELECTROSTATIC  TEST 


Method  Selection 


The  F-I6  Critical  Item  Development  Specification  states  that  precipitation  static 
discharge  "shall  not  degrade  the  solar  coating".  However,  a  test  method  and  a 
current  density  (current  per  unit  area)  test  level  are  not  specified.  To  fulfill  the 
full-scale  electrostatic  test  requirement,  a  multiple  point  electrode  charge  spray 
head  method  was  selected.  The  method  was  first  developed  at  McDonnell  Aircraft 
(REF  7,8)  and  has  been  extensively  used  for  laboratory  simulated  triboelectric 
charging  tests. 

The  multi -electrode  charge  spray  method  is  ideal  for  evaluating  external 
conductive  coating  systems.  The  method  is  a  good  laboratory  simulation  of  true 
triboelectric  charging  because  uniform  current  densities  can  be  applied  over  large 
surface  areas  and  to  complex  shapes.  Voltages,  currents  and  test  area  can  be  easily 
measured  to  determine  the  applied  charging  rate  current  densities. 

Single  electrode  charging  techniques,  such  as  the  Van  deGraaff  generator,  are  not 
as  useful  for  exterior  coating  evaluations  because  they  do  not  apply  uniform 
current  densities  over  large  areas.  Instead,  they  apply  nonuniform,  high  charge 
densities  to  small,  localized  areas.  This  makes  it  difficult  to  determine  an  effective 
test  area.  The  Van  deGraaff  generator  is  useful  for  creating  and  evaluating 
damage  to  interior  surface  coatings  because  the  high  (hundreds  of  kilovolts) 
exterior  surface  voltages  needed  to  cause  damage  can  be  obtained. 


Test  Description 


Using  the  multi- electrode  method,  a  full-scale  test  on  an  F-16  EDS  coated 
transparency  was  conducted  at  the  Northrop  Aircraft  Division  (NAD)  Lightning 
Laboratory  Test  Facility  (REF  9,10).  The  test  configuration  is  shown  in  Figure  3. 
The  transparency  was  supported  on  non-conducting  stands.  A  40  KV  DC  power 
supply  was  connected  to  the  multiple  electrode  assembly  (MEA)  thru  a  15  ohm 
series  resistance  for  isolation  of  the  power  supply.  A  fiber  optic  voltmeter  was  used 
to  monitor  the  power  supply  output  voltage.  Negative  voltage  was  applied  to  the 
MEA.  Current  was  measured  directly  from  the  test  part  thru  a  15  Kohm  isolation 
resistor.  Two  current  return  leads  were  attached  to  the  test  part,  one  on  each  side, 
at  the  position  where  the  frame  side  fairing  would  contact  the  conductive 
grounding  paint.  The  test  equipment  set-up  is  shown  in  Figure  4. 


The  MEA  (Figures  5  and  6)  was  shaped  to  the  contour  of  the  forward  region  of  the 
transparency.  The  edge  of  the  MEA  was  positioned  approximately  2.5  inches  from 
the  inside  edge  of  the  part  stop  crack  groove  along  the  forward  arch  and  longerons 
and  extended  back  to  bolt  hole  position  number  23.  The  MEA  consisted  of  246 
point  electrodes  equally  spaced  on  2  inch  centers.  A  typical  point  electrode  is 
shown  in  Figure  7.  For  testing,  the  electrode  tips  were  positioned  approximately 
o  e  inch  from  the  top  surface  of  the  liner  coating.  The  MEA  effective  charging 
surface  area  was  7.2  square  feet.  For  the  transparency  installation  position  on  the 
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F-16,  the  air  stream  facing  frontal  area  projected  from  the  7.2  square  feet  test 
surface  area  was  2.3  square  feet  (Figure  8). 

Current  Density  Test  Level 

As  far  as  Pilkington  Aerospace  Inc.  is  aware,  electrostatic  charging  levels  have  not 
been  measured  in-flight  directly  on  the  F-16  transparency.  However,  p-static 
current  densities  up  to  50  microamps  per  square  foot  of  frontal  area  have  been 
published  as  extreme  conditions  (REF  2,  11).  Frontal  area  refers  to  the 
transparency  projected  area  normal  to  the  flight  path. 

In  addition,  Hanson  (REF  12)  has  also  derived  the  following  relationship  which 
expresses  charging  current  density  as  a  function  of  aircraft  velocity  for  flight  thru 
cumulo  nimbus  ice  crystal  clouds  (a  severe  charging  condition): 

J  =  3x10-6  v  (1) 

v  is  velocity  in  meters  per  second. 

J  is  current  density  in  amps  per  square  meter. 

J  refers  to  projected  surface  area  of  the  windscreen  normal  to  the  line  of 
flight  or  frontal  area. 

From  the  Hanson  relationship,  at  a  velocity  of  700  knots,  a  frontal  area  current 
density  of  1.1  milliamps  per  square  meter  or,  after  converting  units,  102 
microamps  per  square  foot  would  occur.  Using  the  frontal  area  to  surface  area 
ratio  measured  for  the  M_hiA  test  configuration  described  in  the  pi  e  vious  section  for 
the  F-16,  the  102  microamps  per  square  foot  frontal  current  density  level 
corresponds  to  32.6  microamps  per  square  foot  of  transparency  surface  area 
current  density.  Current  densities  at  this  level  (and  beyond)  were  applied  during 
the  full-scale  electrostatic  test. 


Test  Results 


Test  resuUs  are  summarized  in  Table  1.  Frontal  area  current  densities  from  99.6 
to  157.8  microamps  per  square  foot  were  applied.  Corresponding  surface  area 
current  densities  were  31.8  to  50.4  microamps  per  square  foot,  respectively. 
Exposure  time  at  each  level  ranged  from  1.5  to  4  minutes.  The  (negative)  voltages 
needed  to  apply  the  current  levels  to  the  MEA  ranged  from  7.8  to  9.0  kilovolts.  The 
relatively  low  voltages  indicate  the  efficiency  with  wrhich  the  EDS  coating  system 
was  able  to  drain  the  current.  As  stated  earlier,  the  current  drain  path  is  thru  the 
liner  to  the  Enhanced  Gold  and  then  to  system  ground. 


No  arcing  or  damage  to  the  coatings  was  observed  after  testing  at  the  99.6  /  31.8 
microamps  per  square  foot  test  level  (extreme  flight  conditions).  At  the  highest 
test  level  (beyond  conditions  that  could  ever  be  reached  in  flight),  at  157.8 
microamps  per  sauare  foot  frontal  area,  a  few  isolated  arcs  were  observed  during 
the  test.  One  of  the  discharge  events  was  captured  on  film  and  is  shown  in  Figure 
9.  The  rows  of  lights  are  corona  activity  at  the  MEA  electrode  point  tips.  The 
single  bright  light  right  of  center  is  the  discharge  event.  Following  the  test,  close 
inspection  of  the  transparency  revealed  two  pinholes  in  the  liner  coating,  with 
diameters  of  0.070  and  0.050  inches  (Figure  10).  The  third  arrow,  at  the  bottom  of 
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the  photo  in  Figure  10,  is  an  inclusion  in  the  transparency  interlayer  and  not  a 
pinhole.  The  lack  of  burn  tracks  and  the  presence  of  only  insignificant  damage 
after  the  (beyond  flight  conditions)  test  level  demonstrates  the  durability  and 
current  drain  effectiveness  of  the  EDS  coating  system. 

Following  each  current  density  level  test,  after  the  MEA  voltage  was  decreased  to 
0  volts,  it  was  observed  that  the  current  decreased  to  0  amps  with  a  lag  time  of 
about  2  seconds.  It  was  also  observed  that  insignificant  residual  charge  was  left  on 
the  transparency  (lin^r)  surface.  Shock  hazards  from  residual  stored  surface 
charge  are  thus  eliminated. 

EDS  F-16  PART  CONFIGURATIONS 

For  the  prototype  test  parts  manufactured  during  the  program,  the  EDS  system 
was  applied  to  service  used  non-solar  coated  "clear"  transparencies  provided  by 
OO-ALC  (part  number  16VK10Q001-813).  The  exterior  acrylic  ply  surfaces  were 
first  refurbished  and  then  coated  with  the  EDS  system,  thus  upgrading  the  parts  to 
solar  and  EDS  coated  units. 

The  coating  system  may  be  applied  to  service  used  or  new  as  well  as  to  clear  or 
previously  solar  coated  parts.  It  may  be  applied  to  laminated  acrylic  exterior  ply 
(type  O  designs,  to  monolithic  polycarbonate  (type  I)  designs,  or  to  the  new 
laminated  polycarbonate  exterior  ply  (550  knot  bird  strike  upgrade)  designs. 

FLIGHT  HISTORY  OF  TEST  PARTS 

Three  prototype  test  parts  were  completed  and  shipped  to  McConnell  Air  Force 
Base,  Wichita,  Kansas,  in  February,  1993.  The  parts  were  installed  on  aircraft 
with  the  184th  Kansas  Air  National  Guard  and  flew  for  the  first  time  on  23 
February  1993.  Photographs  of  the  aircraft  are  presented  in  Figures  11  thru  13. 

As  of  July  28, 1993  the  (three)  pa^ts  have  accumulated  a  total  of  316  flight  hours 
over  five  months  of  service.  The  aircraft  have  flown  in  heavy  rain  and  have  been 
used  for  a  wide  variety  of  mission  profiles,  including  air  to  air  and  live  bomb  drops. 
Pilot  comments  for  the  test  parts  are  being  logged  on  special  squawk  sheets. 
Comments  to  date  have  been  very  favorable  with  many  comments  noting  enhanced 
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There  have  been  no  reports  of  electrostatic  discharge  damage  or  shock  occurrences 
to  pilots  or  ground  crew  from  the  three  EDS  test  transparencies.  Other  aircraft 
within  the  unit  with  conventional  interior  solar  coated  transparencies  have 
experienced  electrostatic  charging  damage  and  shocks  to  ground  crew  chiefs 
during  this  time  period. 

The  exterior  surface  coating  system  is  holding  up  well  to  regular  squadron  level 
maintenance  functions.  The  crew  chiefs  have  noticed  that  it  is  more  difficult  to 
clean  bug  splatter  from  the  exterior  surface,  unless  the  surface  is  cleaned  on  the 
same  day  as  the  flight.  However,  even  if  the  bug  splatter  has  a  chance  to"bake” 
onto  the  surface,  such  as  over  a  long  weekend,  it  can  still  be  cleaned  with 
additional  effort. 


ADDITIONAL  BENEFITS  FROM  EDS  SYSTEM 


In  addition  to  the  elimination  of  electrostatic  discharge  problems,  it  is  anticipated 
that  the  EDS  coating  system  will  improve  service  life  for  F-16  transparencies.  By 
re-location  to  the  exterior  surface,  damage  to  the  solar  coating  from  helmet  scuffs, 
dings,  etc.,  from  the  current  inside  surface  location  will  be  eliminated.  Such 
damage  is  currently  a  significant  "cause  for  removal"  item.  Also,  the  exterior 
surface  coating  system  will  provide  additional  environmental  protection  to  the 
outboard  acrylic  ply  (and  to  outboard  polycarbonate  plies  for  550  knot  upgrade 
designs).  Star  craze  and  sand  erosion  damage  should  be  significantly  reduced. 

Enhanced  Gold  has  improved  light  transmittance  compared  to  conventional 
single-layer  gold.  The  prototype  parts  have  light  transmittance  values  of  70%. 
The  F-16  specification  is  65%.  The  improved  light  transmittance  allows 
conductive  coatings  with  lower  sheet  resistance  to  be  applied. 

Near  IR  transmittance  is  also  improved  for  Enhanced  Gold  with  substantial 
transmittance  improvements  to  950  nanometer  wavelengths.  The  EDS  system  is 
Night  Vision  Goggle  (NVG)  compatible. 

CONCLUSION 


1.  An  exterior  surface  electrostatic  discharge  damage  prevention  coating 
system  is  now  available  for  the  F-16  forward  transparency. 

2.  Preliminary  field  performance  flight  test  results  have  been  very 
encouraging. 

3.  The  coating  system  can  be  applied  to  service  used  forward 
transparencies  to  refurbish  and  upgrade  clear  or  solar  coated 
transparencies  to  EDS  and  solar  coated  configurations. 

4.  The  EDS  coating  system  can  also  be  applied  to  new  550  knot  birdstrike 
protected  F-16  designs,  as  well  as  to  other  advanced  fighter  canopy 
systems. 

5.  A  full-scale,  multiple  electrode  charge  spray  head  electrostatic  discharge 
test  method  was  used  to  demonstrate  the  charge  drain  capability  of  the 
exterior  surface  EDS  coating  system.  The  method  is  ideal  for  evaluating 
exterior  surface  coating  systems. 
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FIGURE  1 1  -  EDS  TEST  AIRCRAFT 


FIGURE  12  -  EDSTEST  AIRCRAFT 


TABLE  1 

FULL  SCALE  ELECTROSTATIC  TEST  RESULTS 


Current 

(pamps) 

Voltage 

(kV) 

Surface 

Current 

Density 

(pA/sq.ft.) 

Frontal 

Current 

Density 

(pA/sq.ft.) 

Comments 

229 

7.8 

31.8 

99.6 

Corona  audible 

nan 

8.4 

A(\  a 

127.0 

Corona  visible 

363 

9.0 

50.4 

157.8 

(2)  pinholes  in 
liner  0.070  in  dia. 
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INTRODUCTION 

Computer  simulation  of  transparency  birdstrikes  has  reached  an  exciting  state:  computer 
technology  and  mathematical  modeling  techniques  both  are  powerful  enough  that  very  large, 
detailed  impact  calculations  can  be  made  on  a  routine  basis  even  on  desktop  computer  systems. 
This  improved  analytical  capability  opens  up  new  opportunities  for  exploring  new  designs, 
materials,  and  manufacturing  methods  for  transparency  system  components.  At  the  same  time, 
many  limitations  exist  in  the  current  state  of  the  art  in  transparency  impact  analysis,  which  call 
for  careful  and  critical  thinking  by  the  engineering  analyst. 

In  tlris  paper,  we  review  the  current  technology  for  performing  analytical  simulations  of  soft-body 
impact  events.  While  the  methods  employed  at  various  organizations  differ  in  detail,  a  number 
of  basic  trends  are  quite  clear;  in  what  follows  we  will  attempt  to  provide  a  realistic  summary. 
In  some  technical  areas,  significant  research  issues  exist  which  affect  the  reliability  of  these 
simulations  in  a  fundamental  way.  For  these  subjects,  we  take  this  opportunity  not  only  to 
identify  the  shortcomings  of  existing  technology,  but  to  emphasize  the  need  tor  sensitivity 
experiments  and  parametric  study  in  current  applications. 

IMPACT  SOLUTION  TECHNOLOGY:  CURRENT  STATUS 

This  section  reviews  the  primary  ingredients  of  current  impact  simulation  techniques,  including 
physical  models,  approximation  techniques,  and  solution  technology.  We  confine  our  discussion 
to  detailed  analysis  models,  typified  by  finite  element  techniques,  as  opposed  to  many  simpler 
techniques  used  for  more  preliminary  design  work.1 

Solution  Methodology 

Discretization  techniques  such  as  finite  elements,  finite  differences,  or  assumed  mode  techniques 
lead  to  systems  of  algebraic  equations,  usually  quite  large  in  size,  which  must  be  integrated  in 
time  to  determine  the  impact  response.  The  choice  of  a  solution  method  is  crucial  because  it 
affects  one’s  choice  of  physical  models  and  discretization  techniques  rather  dramatically. 

In  the  past  several  years,  explicit  solution  methods  have  emerged  as  the  most  effective  choice  for 
birdstrike  simulation.  Explicit  techniques  are  markedly  different  from  the  more  familiar  implicit 
(matrix-oriented)  solution  procedures  embedded  in  popular  finite  element  packages  such  as 
NASTRAN,  ANSYS,  and  MARC.  The  explicit  approach  employs  no  large  matrices,  advances 
in  time  by  extremely  small  (sub-microsecond)  time  steps,  and  works  best  with  very  simple  finite 
element  approximations.  To  the  analyst  familiar  with  more  conventional  finite  element  methods, 
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the  number  of  elements,  degrees-of-freedom,  and  time  steps  used  in  an  explicit  solution  all  seem 
an  order  of  magnitude  too  large. 


Figure  1.  Explicit  Solution  Procedure. 


The  advantages  of  explicit  techniques  for  soft-body  impact  analysis  include  the  ability  to  employ 
more  detailed  material  models,  to  consider  complicated  nonlinearities  (contact  and  sliding, 
material  failure)  without  numerical  misbehavior,  and  to  recover  time  history  data  in  much  more 
detail  than  is  possible  with  conventional  solution  methods.  Due  to  the  absence  of  large  matrix 
operations,  the  explicit  solution  data  normally  resides  entirely  in  high-speed  memory,  with  disk 
access  limited  to  initial  input  and  output  dumps.  Conventional,  matrix-oriented  solutions  quickly 
become  I/O-bound  for  larger  models,  making  less  efficient  use  of  computer  resources. 

One  factor  limiting  the  rate  of  growth  of  explicit  solution  techniques  has  been  lack  of  quality 
software.  This  class  of  methods  originated  in  the  high-energy  physics  community,  with  software 
being  generated  in-house  by  DOE2,3,4  and  Arm;r  laboratories  and  their  contractors.  Other 
explicit  codes6,7  have  originated  in  university  environments,  functioning  primarily  as  research 
tools.  In  most  cases,  the  software  has  been  designed  and  written  by  engineers  and  physicists;  the 
lack  of  a  commercial  market  has,  until  recently,  made  user  support  a  minor  issue. 

Commercial  explicit  finite  element  packages  are  beginning  to  appear,  mainly  in  the  form  of 
modified  versions  of  the  earlier  codes  mentioned  above.  MSC/DYTRAN8,  for  instance,  combines 
the  explicit  DYNA3D3  code  and  the  Eulerian  continuum  mechanics  program  PISCES9;  HKS’ 
ABAQUS/Explicit10  appears  to  draw  heavily  from  the  methods  and  algorithms  in  the  earlier 
PRONTO4  code.  LS/DYNA11  is  a  commercial  version  of  the  Lawrence  Livermore  National 
Laboratory’s  original  DYNA3D. 


Finite  Element  Technology 


While  it  is  possible  to  model  the  transparency  impact  problem  using  fully  three-dimensional 
elements,  this  strategy  is  impractical  in  general.  Several  solid  elements  per  layer  axe  needed  to 
match  the  stress  accuracy  of  plate  or  shell  elements,  which  in  turn  produces  extremely  thin 
elements  and  unacceptable  time  step  limitations. 

Researchers  have  made  steady  progress  in  improving  the  state  of  shell  element  technology12,13. 
In  particular,  the  causes  of  fundamental  problems  such  as  shear  and  membrane  locking  are 
known,  and  several  effective  approaches  have  been  identified  for  avoiding  such  pathological 
behavior.  A  basic  deficiency  of  low-order,  selectively  integrated  and  hybrid  elements,  in  the 
form  of  excessive  twisting  flexibility,14  has  been  removed13  to  permit  good  behavior  in  both 
bending  and  twisting  modes.  Most  shear-flexible  shell  elements  still  restrict  attention  to  moderate 
transverse  shear  strains,  but  this  assumption  normally  is  reasonable  in  transparency  applications. 

Most  of  the  remaining  critical  problem  areas  in  plate  and  shell  elements  are  related  either  to 
material  modeling,  or  to  the  representation  of  laminated  constructions.  Each  of  these  items  is 
discussed  separately  in  what  follows. 

Some  strategies  for  bird  impact  modeling  involve  detailed  finite  element  modeling  of  the 
impacting  body  with  three-dimensional  solid  elements.  A  number  of  open  questions  exist,  as 
discussed  in  the  section  on  impact  loading  below. 

Structural  Modeling 

Some  interesting  problems  persist  in  the  representation  of  structural  characteristics  which  do  not 
appear  explicitly  in  the  nodal  geometry  of  a  finite  element  model.  Examples  include  shell 
laminate  stiffness  properties,  cross  sectional  properties  of  beam/arch  elements,  and  discrete 
connections  (fasteners)  between  components. 

Perhaps  the  most  difficult  structural  modeling  problems  arise  in  connection  with  laminated 
transparency  sections.  The  extremely  small  stiffness  of  most  interlayer  materials  permits 
relatively  large  transverse  shear  deformations  in  the  interlayers,  even  when  the  overall  rotation 
of  the  shell  cross-section  is  quite  small.  The  most  dramatic  effect  is  the  resulting  bending 
flexibility,  which  allows  the  shell  to  absorb  impact  energy  more  readily.  Unfortunately,  the 
kinematic  assumptions  embedded  in  virtually  all  common  plate  and  shell  elements  assume  a 
linear  displacement  variation  through  the  thickness,  resulting  in  excessive  bending  stiffness. 

One  solution  to  the  laminate  problem  which  has  been  used  with  some  success  is  based  on  shear 
flexibility  corrections15.  This  method  captures  the  gross  bending  and  twisting  properties  of  the 
laminated  section,  and  permits  the  estimation  of  transverse  shear  stresses  layer  by  layer.  For 
more  complicated  material  models  (specifically,  those  which  include  viscous  effects),  certain 
theoretical  problems  exist  with  the  shear  correction  model.  More  general  laminate  models  arc 
needed  to  describe  the  transverse  shear  behavior  of  laminates  with  viscoelastic  and  inelastic 
layers. 
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Figure  2.  Deformation  of  a  Laminate  with  Soft  Interlayers. 


Conventional  beam  elements  are  adequate  for  representing  closed-section,  metal  arch  designs. 
Composite  arch  designs,  which  may  have  significant  off-axis  stiffness,  exhibit  coupling  effects 
which  cannot  be  modeled  correctly  using  traditional  beam  elements.  A  suitable  theoretical  basis 
for  composite  beair.  elements,  which  strikes  an  appropriate  balance  between  beam-  and  plate-like 
response  modes,  i:  needed.  An  additional  gap  in  existing  clement  technology  is  open-section 
beam  models  (including  cross  sectional  waiping).  Open-section  formulations  exist  (and  are 
available  in  a  few  general  purpose  codes)  but  have  not  been  implemented  in  a  general-purpose, 
explicit  finite  element  code. 

Material  Characterization  and  Failure  Models 

The  lack  of  adequate  material  models  and  data  is  the  most  serious  weakness  in  our  ability  to 
simulate  transparency  impact  response.  Structural  materials  for  transparency  applications  exhibit 
viscoelastic  response,  rate-dependent  yielding  and  plastic  flow,  and  failure  characteristics  which 
are  poorly  understood.  Interlayer  materials  typically  are  nearly  incompressible  and  nonlinear,  and 
exhibit  viscoelastic  behavior  which  can  become  an  important  feature  of  the  impact  response. 

The  material  models  present  in  the  current  generation  of  impact  analysis  codes  were  developed 
with  metals  in  mind,  and  cannot  capture  the  complex  behavior  of  high  polymers  under  rapid 
loading.  Figure  3  shows  an  example  of  a  typical  rate-dependent  plasticity  model  with  failure 
criterion  based  on  von  Mises  stress.  The  yield  point  increases  with  strain  rate,  according  to  a 
power  law  formula.  The  strain  hardening  characteristics  are  reduced  to  a  single  parameter,  the 
post-yield  slope  of  the  stress-strain  curve,  and  the  onset  of  failure  is  determined  by  the  value  of 
the  von  Mises  stress. 
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Figure  3.  Rate-dependent  Elastic -plastic  Material  Model. 

Clearly  such  a  model  is  inadequate  to  describe  the  time-dependent  response  of  a  viscoelastic, 
viscoplastic  polymer  under  rapid  loading.  Figure  4  shows  a  common  side  effect  of  using  such 
an  oversimplified  material  model.  As  a  single  integration  point  (or  element)  reaches  failure,  the 
internal  forces  are  redistributed  throughout  the  section,  which  tends  to  increase  the  strain  rate 
(and  the  strain)  in  the  remaining  material.  With  increasing  rate,  however,  the  failure  strain  in  this 
remaining  material  decreases.  The  result  is  that  the  complete  section  "unzips"  far  too  readily 
when  isolated  material  points  approach  failure.  This  particular  problem  is  a  direct  result  of  the 
failure  criterion,  which  is  sensitive  to  von  Mises  stress  but  not  to  mean  stress  or  strain  rate.  If 
the  material  model  parameters  are  defined  in  a  way  which  reproduces  the  rate  dependence  of  the 
yield  stress,  failure  occurs  at  strains  which  are  much  too  small. 

For  interlayer  materials,  the  situation  is  equally  poor.  Many  finite  element  impact  codes  contain 
models  for  incompressible  materials,  and  models  for  viscoelastic  materials,  but  not  for 
viscoelastic  materials  which  are  incompressible  (or  nearly  so).  Furthermore,  some  viscoelastic 
models  are  restricted  to  a  single  viscous  term,  which  implies  a  single  characteristic  relaxation 
time;  such  a  model  is  incapable  of  capturing  the  damping  effect  of  the  interlayer  during  impact, 
which  involves  a  wide  variety  of  frequency  components. 

linpact  Loading  Models 

Description  of  the  loading  which  occurs  during  a  transparency  birdstrike  is  a  difficult  question. 
The  bird  behavior  is  fluid-like,  although  the  presence  of  material  strength  effects  is  evident  in 
high-speed  films  of  full-scale  tests.  A  number  of  approaches  have  been  attempted,  each  with 
some  success:  Lagrangian7,16  (solid)  and  Eulerian8  (pure  fluid)  finite  element  models  of  the  bird; 
specialized  numerical  models  based  on  potential  flow  solutions17;  ad  hoc  loading  models  based 


on  overall  momentum  transfer18;  and  "free  Lagrangian"  techniques  with  variable  mesh 
connections.19 


One  problem  area  common  to  all  methods  which  model  the  bird  explicitly  is  the  issue  of  material 
modeling.  Both  real  and  artificial  birds  are  used  in  transparency  development  tests,  and  our 
knowledge  of  the  mechanical  behavior  of  both  types  is  rather  poor.  The  range  of  velocities  of 
interest  for  transparency  birdstrikes  encompasses  both  solid-like  and  fluid-like  behavior,  for  both 
real  and  artificial  birds,  so  that  the  choice  of  a  basic  material  model  is  not  always  clear. 
Furthermore,  little  effort  has  been  devoted  to  the  experimental  determination  of  mechanical 
properties  for  either  real  or  artificial  birds. 

Lagrangian  finite  element  bird  models  are  attractive  since  they  take  advantage  of  existing  element 
and  modeling  technology,  including  the  contact  algorithms  needed  to  handle  the  interface 
conditions.  Potential  problems  exist  with  Lagrangian  methods  when  excessive  mesh  distortions 
occur,  since  the  mesh  (which  is  updated  continuously)  can  become  tangled.  As  a  result,  the 
simplest  elements  tend  to  work  best.  We  routinely  perform  applications  with  tetrahedral 
Lagrangian  elements  in  which  the  failure  strains  are  on  the  order  of  500  percent. 


Eulerian  finite  element  models  of  the  bird,  which  employ  a  mesh  fixed  in  space,  remove  the 
mesh  distortion  problem  entirely.  The  most  challenging  aspect  of  the  solution  is  in  locating  and 
tracking  the  boundaries  of  the  body,  which  consist  of  both  free  surfaces  and  moving  contact 
interfaces.  An  additional  burden  of  the  Eulerian  solution  is  the  need  to  solve  the  continuity 
equation,  since  mass  is  not  conserved  automatically  in  an  Emelian  mesh.  At  present,  there  are 
few  codes  with  the  capability  to  address  the  biidstrike  problem  using  Eulerian  bird  models,  and 
most  Eulerian  models  are  limited  to  fluid-like  behavior.  MSC/DYTRAN  has  been  used  with 
success  to  model  turbine  blade  birostrikes,  with  the  bird  replaced  by  water.  For  transparency 
birdstrikes,  which  often  involve  much  iower  velocities,  it  may  be  necessary  to  introduce  fluid 
viscosity  and/or  strength  effects  with  tins  approach. 


The  "fluid  element"  technique  originated  by  Martin19  is  quite  interesting,  since  it  has  a  finite 
element  flavor,  but  without  predetermined  mesh  connections.  Internal  forces  are  developed  in 
response  to  changes  in  the  mean  radial  distance  to  an  element’s  nearest  neighbors.  Thus  far  this 
method  has  been  used  only  for  higher-;  ^.eed  (turbine  Hade)  problems,  but  appears  promising  for 
use  in  transparency  impact  problems  if  a  suitable  material  model  can  be  introduced. 


Visualization 

Tt;..  years  ago,  engineers  performing  transparency  impact  simulations  viewed  color-coded  plots 
and  animated  results  sequences  ?  luxury  items,  usually  reserved  for  dog-and-pony  show  use. 
As  our  ability  to  perform  more  simulations,  using  more  refined  models,  increases,  we  find  that 
tools  like  animation  are  essential  to  a  thorough  understanding  of  our  numerical  solutions.  With 
explicit  solutions  in  particular,  an  impact  simulation  using  a  mesh  fine  enough  for  reasonable 
stress  accuracy  produces  far  too  much  data  to  be  assimilated  any  other  way. 

From  our  perspective,  the  ability  to  animate  analysis  results  within  a  short  period  of  time  has 
changed  our  basic  approach  to  birdstrike  simulation.  Viewing  an  animated  results  sequence  very 


often  reveals  response  which,  with  a  small  change  in  physical  data,  might  change,  in  character 
rather  dramatically.  Considering  the  uncertainties  in  the  submodels  for  material  behavior, 
laminate  response,  impact  loading,  and  other  details  of  the  solution,  some  numerical 
experimentation  is  usually  a  wise  idea.  As  such,  the  typical  transparency  impact  study  often 
involves  several  individual  simulations  even  for  a  single  impact  condition.  The  results  of  a 
successful  study  consist  not  of  precise  numerical  data  for  a  single  computed  solution,  but  of 
information  about  the  response  regime  for  a  particular  impact  situation. 

Although  the  visualisation  tools  needed  to  support  high-quality  animation  have  existed  for  quite 
some  time,  the  task  of  animating  engineering  data  in  a  highly  automated  fashion  still  is  not  well 
supported  by  the  mainstream  modeling  and  graphics  packages.  At  present,  we  produce 
animations  using  a  sequence  of  half  a  dozen  software  packages,  moving  data  between  two  or 
three  computer  systems  in  the  process.  The  work  required  to  integrate  these  rather  tedious  steps 
into  a  seamless,  automated  process  which  deals  properly  with  the  finite  element  data  and  provides 
useful  engineering  data  (as  opposed  to  colorful  images)  is  straightforward,  but  remains  to  be 
accomplished  in  full. 

RESEARCH  IN  PROGRESS 

Having  enumerated  some  of  the  shortcomings  and  problem  areas  in  current  impact  simulation 
methods,  we  wish  to  mention  some  current  work  wliich  addresses  the  most  serious  of  these 
issues.  The  list  presented  below  is  not  exhaustive,  but  provides  a  brief  summary  of  the  kinds  of 
research  efforts  currently  three  ted  toward  improving  the  state  of  transparency  impact  simulation 
techniques. 

An  effort  is  underway  to  combine  nonlinear  viscoelastic  material  models  based  on  the  free 
volume  concept20  with  rate-dependent  viscoplastic  models21  to  represent  the  nonlinear  behavior 
of  structural  plastics  like  acrylic  and  polycarbonate.  In  connection  with  this  work,  material  tests 
(some  conventional,  some  rather  unusual)  are  being  performed  to  collect  data  for  several 
materials  of  current  interest  A  description  of  the  approach,  with  some  preliminary  results,  is 
available  elsewhere  in  tins  proceedings.22 

Definition  of  the  impact  loading,  another  major  concern  in  most  simulations,  is  addressed  in  a 
current  effort  at  the  University  of  Dayton.23  In  this  work,  emphasis  is  placed  on  separating  the 
issues  of  "bird  material  modeling"  and  "structural  material  modeling."  Most  experimental  soft 
body  impact  data  involves  structural  plastics  as  the  target  which,  for  purposes  of  simulation, 
ii  traduces  the  additional  question  of  accuracy  in  the  target  material  model.  Our  current  attempts 
to  isolate  a  suitable  soft  body  model  focus  on  reproducing  rigid-target  force  data24  and  response 
data  for  metal  targets25  for  which  relatively  accurate  material  modeling  is  possible. 

In  the  area  of  transparency  design  software,  a  major  effort  is  underway  involving  the  U.  S.  Air 
Force,  the  University  of  Dayton,  and  PDA  Engineering  to  integrate  existing  computational  tools 
into  a  common  software  environment  called  ADP2.  This  work  encompasses  both  impact 
simulation  software  and  graphics/animation  tools,  in  addition  to  other  major  transparency  design 
codes.  A  related  effort  is  directed  toward  the  management  and  manipulation  of  materials-related 
data,  both  for  impact  simulation  and  other  transparency  design  tasks 27 


SUMMARY  AND  CONCLUSIONS 


This  paper  provides  a  brief  review  of  current  capabilities  for  transparency  impact  simulation. 
Emphasis  has  been  given  to  technology  gaps,  things  that  can  go  wrong,  and  open  research  issues. 

The  good  news  is  that  the  state  of  the  art  in  impact  analysis  has  advanced  tremendously  during 
the  past  several  years;  very  large,  detailed  models  may  be  analyzed  in  a  timely  fashion,  providing 
much  more  information  to  the  analyst.  On  the  other  hand,  modeling  and  sub-model  uncertainties 
are  such  that  numerical  experimentation  is  needed  routinely,  and  some  improvement  is  called  for 
in  results  presentation  and  graphics  to  assist  the  engineer  in  assimilating  such  a  large  volume  of 
information. 

We  describe  several  current  research  efforts  intended  to  address  the  problem  areas  identified  with 
theoretical  models  and  software  tools.  More  detailed  descriptions  of  this  work  may  be  found 
elsewhere  in  the  proceedings.22,23,26,27 
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Abstract 


One  major  impediment  to  computer  aided  design  and  simulation  for  transparency  systems 
is  the  lack  of  appropriate  mathematical  models  for  the  most  commonly  used  structural  materials. 
Acrylic  and  polycarbonate  compounds  exhibit  both  viscoelastic  (rate-sensitive  modulus)  and 
viscoplastic  (rate-sensitive  flow  stress)  behavior.  Typically,  such  materials  are  analyzed  using 
elastic-plastic  or  linear  viscoelastic  models,  which  capture  only  selected  features  of  the  material 
response.  A  related  problem  area  is  the  uncertainty  associated  with  the  material  test  results  for 
moderate  strain  rates  (lO^-lO3  in/in/sec),  at  which  uniform  rates  are  not  achievable  in 
conventional  tests. 


This  paper  describes  our  recent  efforts  to  construct  mathematical  material  models  for 
transparent  structural  materials.  The  objective  of  this  work  is  to  capture  the  essential  features 
of  the  nonlinear  viscoclasiic-viscoplasuc  material  response  in  a  model  compatible  'iVtth  existing 
finite  element  analysis  methods.  The  paper  oudines  the  theoretical  basis  of  a  general  material 
model  formulated  for  use  in  transparency  impact  simulation,  where  nonlinear  and  rate-dependent 
material  behavior  plays  a  central  role  in  determining  the  structural  response.  Issues  related  to 
test  data  reduction  and  experimental  evaluation  of  the  model  parameters  are  discussed  as  well. 


Introduction 


Due  to  their  high  impact  resistance  glassy  thermoplastics  such  as  polycarbonate  and 
acrylic  constitute  the  most  commonly  used  materials  for  aircraft  transparencies.  The  primary 
reasons  for  their  high  impact  resistance  are  high  ductility,  which  allows  structures  made  from 
these  materials  to  undergo  large  deformation  before  failure,  and  nonlinear  viscoelastic/viscoplastic 
response,  which  allows  the  materials  to  transform  a  great  deal  of  impact  energy  into  heat  or 
internal  energy. 

The  same  nonlinear  viscoelastic/viscoplastic  behavior  which  gives  these  plastics  good 
impact  resistance  also  makes  prediction  of  their  response  very  difficult.  In  general,  the  state  of 
stress  and  strain  at  any  point  in  a  structure  is  dependent  on  the  temperature,  pressure,  and  time 
history  of  loading.  The  types  of  equations  developed  to  model  the  stress-strain  relations  axe 
usually  highly  nonlinear  and,  hence,  difficult  to  use  for  analyzing  structures  of  non-simple  shape. 

The  possibility  of  analyzing  complex  structures  using  constitutive  theories  which  include 
all  of  the  key  features  observed  in  tests  have  been  made  possible  by  recent  order  of  magnitude 


increases  in  computational  speed  and  by  the  development  of  explicit  finite  element  analysis 
(FEA)  techniques.  In  explicit  FEA,  which  is  best  suited  for  short  duration  dynamic  or  impact 
problems,  a  stress  wave  is  propagated  across  a  mesh  of  discrete  regions,  or  elements,  which 
represent  the  structure  being  analyzed.  The  time  increment  by  which  the  solution  can  be 
propagated  is  limited  by  the  minimum  time  for  a  stress  wave  to  traverse  the  smallest  element  in 
the  mesh.  Thus,  many  thousands  of  time  steps  may  be  required  to  complete  the  problem. 
Because  the  time  increments  are  very  short,  stress  and  strain  states  change  by  only  small  amounts 
within  an  individual  increment.  Fairly  simple  schemes  may  be  employed  to  integrate  nonlinear 
constitutive  relations  over  each  time  increment,  and  one  can  use  sophisticated  constitutive  models 
without  the  computational  cost  becoming  prohibitively  large. 

Currently,  nonlinear  viscoelastic  and  viscoplastic  model  exist  which,  based  on  results 
presented  in  the  literature,  appear  to  encompass  the  types  of  material  behavior  observed  in  short 
time  duration  events.  However,  very  little  research  has  been  done  in  combining  these  theories 
in  a  consistent  manner  to  arrive  at  mathematical  models  which  describe  all  of  the  phenomena  of 
interest  Also,  due  to  the  complexity  of  the  material  response,  those  performing  mechanical 
property  tests  on  plastics  have  generally  taken  a  rather  narrow  view  of  constitutive  models  (such 
as  examining  just  viscoelasticity  or  just  plasticity)  and  have  not  examined  critically  all  of  the 
phenomena  which  occur  simultaneously. 

The  objective  of  the  research  outlined  in  this  paper  is  to  combine  recent  theoretical 
developments  in  viscoelasticity  and  viscoelasticity  with  information  collected  from  a  variety  of 
mechanical  tests  to  produce  a  correct  mathematical  model  of  the  time  dependent  behavior  of 
some  common  plastics.  Accomplishment  of  this  objective  requires  efforts  in  four  areas.  First, 
existing  specialized  theories  must  be  adapted  to  form  a  complete  model  capable  of  characterizing 
the  materials  in  both  the  elastic  and  plastic  regimes.  Second,  mechanical  tests  sufficient  for 
characterizing  the  response  of  the  materials  over  the  range  of  conditions  typical  of  bird  impact 
must  be  performed.  Third,  methods  for  identifying  material  model  parameters  from  experimental 
data  using  numerical  optimization  procedures  must  be  developed.  Finally,  the  ability  of  the 
mathematical  theory  to  represent  the  behavior  of  the  specific  polymers  should  be  demonstrated 
for  impact  problems  with  practical  applications.  Accomplishments  to  date  and  planned  efforts 
are  described  below. 


Material  Model  Development 

For  developing  nonlinear  viscoelastic/viscoplastic  constitutive  relations  we  are  following 
a  methodology  similar  to  that  of  Kitagawa,  Mori,  and  Matsutani1.  This  approach  is  to  use  an 
existing  elastic/viscoplastic  law  which  does  not  use  a  yield  criteria  and  replace  the  linear  elastic 
portion  with  a  nonlinear  viscoelastic  relation.  This  approach  was  chosen  for  two  reasons.  First, 
it  appears  to  be  much  simpler  for  implementation  and  experimental  validation  than 
viscoelastic/plastic  constitutive  relations  which  include  a  yield  surface2,3.  Second,  and  perhaps 
more  importantly,  this  approach  appeared  to  provide  good  agreement  with  experimental  data  for 
glassy  polymers. 


In  this  development  we  want  to  expand  Kitagawa,  Mori,  and  Matsutanis’  work  in  three 
areas.  The  goals  for  expanding  this  theory  are:  (1)  include  multiaxial  deformation,  (2)  use  a 
theory  which  is  suitable  for  reversed  loading,  and  (3)  use  a  general  nonlinear  viscoelasticity 
theory  which  can  model  most  of  the  pressure,  rate,  and  strain  effects  observed  in  tests.  Although 
properties  of  the  materials  are  also  a  strong  function  of  temperature,  the  constitutive  relations  are 
only  being  developed  for  isothermal  conditions.  One  set  of  constitutive  equations  which  should 
meet  these  goals  can  be  obtained  using  the  viscoplasticity  theory  developed  by  Bodner  and 
Partom4'*  and  replacing  die  elastic  portion  with  the  nonlinear  viscoelastic  relations  developed  by 
Knauss  and  Emri6'8. 

Numerical  simulations  will  be  used  to  determine  whether  these  equations  meet  the  three 
goals.  If  they  do  not,  it  may  be  necessary  to  use  similar  but  more  general  viscoelasticity 
relations,  such  as  those  developed  by  Shay  and  Caruthers9,  or  more  general  viscoplasticity 
relations,  such  as  those  developed  by  Stouffer  and  Bodner10  or  Bodner11. 

Regardless  of  which  sets  of  viscoelasticity  and  viscoplasticity  equations  are  used,  we 
characterize  the  Cauchy  (true)  stress  Oy  and  the  strain  Ey  as  separable  deviatoric  (shear)  and 
dilatational  (bulk)  components. 
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Furthermore,  we  assume  that  the  deviatoric  portion  of  the  strain  rate  can  be  divided  into 
viscoelastic  and  viscoplastic  components: 
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and  that  the  dilatational  portion  is  defined  only  by  viscoelastic  relations.  W  ith  these  assumptions, 
we  can  evaluate  the  viscoelastic  and  viscoplastic  contributions  to  the  total  stress  and  strain  rate. 


Emri-Knauss  Viscoelastic  Model  based  on  Free  Volume 
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The  following  equations  identify  the  key  relations  used  in  defining  the  viscoelastic  stress- 
strain  relations.  The  dilatational  and  deviatoric  stresses  are  related  to  their  respective  strain 
components  by  through  relations  similar  to  the  integral  relations  of  linear  viscoelasticity: 

P  =  (  (4) 
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The  bulk  and  shear  relaxation  moduli  used  in  these  relations  are  those  typically  used  for  linear 
viscoelasticity: 
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Nonlinearity  is  introduced  into  the  relations  through  a  reduced  time  relation  which  couples  the 
dilatational  and  deviatoric  stresses.  The  reduced  time  is  computed  as: 
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where  the  shift  function  is  related  to  the  free  volume  through  Doolittle’s  relation: 
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Finally,  the  free  volume  is  linearly  related  to  the  dilata  ’on: 

AO  =  f0  +  CA0 


(9) 

(10) 


This  model,  or  a  similar  procedure  developed  by  Schapery12,  have  been  shown  to  provide  most 
of  the  characteristics  observed  for  glassy  polymers  undergoing  monotonic  loading7,13,14.  The 
ability  of  these  relations  to  model  reversed  loading  conditions  remains  to  be  verified. 

In  these  viscoelasticity  equations,  the  stress  components  are  derived  from  hereditary 
integrals.  That  is,  the  computation  of  stresses  at  time  t  requires  the  strain  history  for  the  entire 
interval  [0,1],  It  is  possible,  however,  to  recast  these  equations  in  a  rate  form15.  This  form 
eliminates  the  need  for  storing  strain  components  at  each  time  increment  of  an  analysis  and 
makes  the  relations  suitable  for  use  in  an  explicit  finite  element  code. 

For  the  preceding  relations,  the  parameters  which  must  be  experimentally  identified  are: 


Shear  moduli 
Bulk  moduli 
Relaxation  times 
Initial  free  volume 
Doolittle  constant 
Free  volume  coefficient 


Gn  (n  =  0,  1,  2,  ...,  N) 

Kjj  (n  =  0,  1,  2 . N) 

Tn  (n  =  1,  2 . N) 

f0 

b 

Cv 


Bodner-Partom  Yiscoplasticity  Model 


The  following  equations  identify  the  key  relations  used  in  defining  the  viscoplastic  stress- 
strain  relations.  In  these  equations,  as  in  many  plasticity  relations,  it  is  assumed  that  the  plastic 
portion  of  the  deviatoric  strain  rate  is  proportional  to  the  deviatoric  stress: 


*5  =  ^ 


(id 


The  factor  of  proportionality  is  defined  in  terms  of  the  second  invariant  of  the  deviatoric  stress, 
J2  and  the  "flow  resistance,"  z: 


X  = 


Dr 


2 


(12) 


K 


where  J2  is: 


J2  =  ^ifij 


(13) 


The  flow  resistance  is  defined  in  terms  of  the  first  order  evolution  equation 

i«)  -  r4zrZi,))Wp 


(14) 


where  the  rate  of  plastic  work  is  given  by: 


(15) 


It  should  be  noted  that  in  Equations  11  and  15  the  total  and  deviatoric  plastic  strain  rates  are  the 
same  since  the  dilatational  component  of  plastic  strain  is  assumed  to  be  zero. 

For  the  preceding  viscoplasticity  relations,  the  parameters  which  must  be  experimentally 
identified  are:  D0,  n,  m,  Z0,  and  Zj.  Zq  is  the  initial  value  for  the  flow  resistance  z. 


Mechanical  Properties  Testing 

In  order  to  develop  appropriate  material  constants  for  any  constitutive  models,  good  data 
from  mechanical  properties  tests  are  needed.  Although  a  large  amount  of  data  from  mechanical 
properties  tests  on  glassy  polymers  is  available  in  the  literature,  most  of  this  data  deals  with  only 
a  single  indicator  of  behavior,  such  as  yield  or  failure,  from  a  single  type  of  test,  such  as  tension 
or  shear.  In  order  to  obtain  complete  descriptions  of  the  behavior  of  a  select  group  of  polymers, 
a  variety  of  tests  are  being  performed  on  coupons  from  a  single  formulation  of  each  polymer. 

For  this  effort,  tests  are  being  performed  on  three  materials  which  are  representative  of 
those  used  for  aircraft  transparencies.  These  are:  Rhom  &  Hass  Tuffak  (MIL-P-83310) 


polycarbonate.  Polycast  P-84  (MIL-P-8184)  cast  acrylic,  and  Swedlow  (MIL-P-25690)  stretched 
acrylic.  All  three  materials  were  formed  as  Vi-inch  thick  sheets.  For  purposes  of  describing  the 
characteristics  that  we  wish  to  capture,  only  results  of  tests  on  the  stretched  acrylic  are  shown 
in  this  paper.  Results  for  the  other  materials  follow  similar  trends,  except  cast  acrylic  has  less 
ductility  and  polycarbonate  has  less  rate  sensitivity. 

In  general,  a  majority  of  constitutive  models  attempt  to  represent  the  response  observed 
in  a  tensile  test.  Figure  1  illustrates  some  of  the  effects  observed  from  nominal  stress  and  strain 
data  (that  is,  loads  and  deformations  normalized  by  initial  dimensions)  for  tensile  tests  on  glassy 
polymers.  As  is  the  case  with  most  materials,  both  the  initial  slope  of  the  stress  strain  curve  and 
the  stress  at  yield  (which  we  can  take  for  this  discussion  as  the  location  of  an  initial  maximum 
of  the  nominal  stress-strain  curve)  decrease  with  increasing  temperature.  These  curves  also 
illustrate  the  effect  called  strain  softening,  which  is  the  decrease  in  nominal  stress  which  occurs 
after  yield  for  most  glassy  polymers. 

Strain  softening  is  generally  accompanied  by  the  formation  of  a  "neck,"  or  region  of 
reduced  cross  section,  which  travels  along  the  length  of  the  specimen.  The  formation  of  this 
traveling  neck  can  be  predicted  from  the  Considered  construction16,  which  is  shown  in  Figure  2. 
If  the  true  stress  ( that  is,  load  normalized  by  the  instantaneous  cross  section  of  the  specimen  as 
the  tests  progresses)  versus  nominal  strain  curve  has  only  one  tangent  point,  as  shown  in  Figure 
2a,  then  a  traveling  neck  will  not  occur.  However,  if  the  curve  has  two  tangent  points.  Figure 
2b,  then  a  traveling  neck  can  occur.  Although  Figure  2b  shows  a  decrease  in  true  stress  with 
increasing  strain,  only  :he  two  tangent  points  are  required  to  initiate  a  neck,  and  ihe  true  stress 
may  be  monotonically  increasing17'19.  The  presence  of  necking  makes  the  determination  of  true 
stress  and  strain  significantly  more  complicated  since,  even  for  test  as  simple  as  uniaxial  tension, 
the  stress  and  strain  states  are  not  constant  over  the  length  of  a  test  specimen  once  necking 
commences. 

Figures  3  shows  true  stress  and  strain  data  for  both  tensile  and  compression  tests  at  two 
rates.  This  figure  shows  that,  at  a  given  temperature,  the  slope  of  the  stress-strain  curve  is  a 
function  of  strain  rate,  strain,  and  loading  direction.  Other  measurements  have  shown  that  a 
tensile  stress-strain  curve  for  glassy  polymers  can  also  be  strongly  affected  by  application  of  a 
hydrostatic  pressure20. 

All  of  the  preceding  describe  characteristics  observed  in  monotonic  loading  tests. 
Reversed  loading  tests  show  other  types  of  nonlinear  behavior.  Figure  4  shows  stress  versus  time 
data  from  a  series  of  tensile  tests  in  which  deformation  was  applied  under  strain  control  up  to 
a  preset  strain  level,  unloaded  back  to  zero  and  held  at  zero  strain  to  allow  relaxation  to  occur. 
The  curves  show  that,  for  tests  in  which  the  peak  stress  does  not  exceed  the  initial  peak  in  the 
nominal  stress-strain  curve,  the  stress  relaxes  to  zero.  This  indicates  that  all  of  the  deformation 
for  strains  in  this  range  can  be  characterized  as  nonlinearly  viscoelastic  with  no  plastic 
deformation.  For  tests  in  which  the  stress  does  exceed  the  peak  in  the  curve  the  ,;rress  does  not 
relax  to  zero,  indicating  that  plastic  deformation  begins  near  this  apparent  yield  point. 

In  Figure  5  the  stresses  and  strains  shown  in  Figure  4  are  plotted  against  one  another. 
The  hysteresis  curves  show  highly  nonlinear  recovery.  Cyclic  tests  at  strain  levels  above  yield 


also  show  extremely  nonlinear  recovery21.  The  hysteresis  shown  in  these  curves  indicates  that 
large  amounts  of  energy  are  being  converted  to  heat  or  internal  energy  by  the  material.  This 
energy  conversion  tends  to  rapidly  damp  out  free  vibrations  of  structures  made  with  these 
materials,  such  as  the  free  vibration  of  a  transparency  after  bird  impact.  Accurate  modeling  of 
this  nonlinear  recovery  is  necessary  for  appropriately  representing  the  response  of  transparencies 
subject  to  impacts  which  do  not  cause  plastic  deformation. 

Figure  6  shows  isochronous  curves  based  on  the  initial  loading  portion  of  the  data  shown 
in  Figure  4.  Each  curve  is  created  by  taking  corresponding  values  of  stress  and  strain  at  a 
specific  time  from  a  series  of  tests  at  different  rates.  A  straight  line  on  this  plot  indicates  that 
the  material  follows  the  relations  of  linear  viscoelasticity.  It  can  be  seen  from  Figure  6  (and  has 
been  observed  from  tests  on  a  wide  variety  of  glassy  polymers22)  that,  for  strains  less  than  about 
1%,  die  stress-strain  trace  can  be  approximated  well  by  the  relations  of  linear  viscoelasticity. 
However,  cyclic  loading  tests  with  peak  strains  between  1%  and  yield  deviate  from  linear 
viscoelasticity  rather  rapidly. 


In  order  to  define  parameters  for  material  models  which  adequately  include  all  of  the 
effects  described  in  the  preceding  paragraphs,  it  will  be  necessary  to  perform  a  fairly  wide  variety 
of  tests.  These  types  of  tests  can  be  classified  in  two  general  categories:  "traditional”  tests,  which 
have  simple,  well-defined  stress  states  (at  least,  up  to  yield)  and  are  commonly  used  to  identify 
properties  of  material,  and  "non-traditional"  tests,  which  have  less-well  defined  stress  states  or 
load  histories  but  which  are  necessary  to  fully  define  the  response  of  materials  under  complex 
load  situations.  The  "non-traditional"  tests  are  required  because  "traditional"  types  of  tests  often 
do  not  provide  accurate  representation  of  strain  rate  effects,  and,  in  many  cases,  do  not  provide 
predictable  strain  rates  at  all. 


The  "traditional"  tests  will  include  standard  tensile  and  compression  load-to-failure  tests, 
such  as  those  for  which  data  is  shown  in  Figures  1  and  3,  at  strain  rates  up  200/second. 
Unfortunately,  some  of  the  data  measured  by  experimental  stress-strain  trace  may  not  accurately 
repi  osent  the  properties  of  the  materials.  The  onset  of  plastic  deformation  may  not  always 
coincide  with  the  peak  in  the  nominal  stress- strain  curve.  Also,  the  measured  changes  in  initial 
slope  of  the  stress-strain  curve  may  be  due  to  both  changes  in  viscous  response  and  elastic 
stiffness. 


In  order  to  define  the  yield  and  post-yield  behavior,  cyclic  load  and  unload  tensile  tests, 
such  as  those  shown  in  Figure  4,  will  be  performed.  Tensile  specimens  will  be  loaded  to  pre-set 
strain  levels  and  subsequently  unloaded.  The  strain  levels  will  be  increased  until  permanent 
deformation  is  measured  at  zero  load  (after  sufficient  time  for  creep  to  occur),  indicating  the 
onset  of  plasticity. 

In  order  to  distinguish  changes  in  viscous  response  from  changes  in  elastic  stiffness, 
tensile  tests  with  an  oscillating  strain  will  be  performed.  Specimens  will  be  stretched  or 
compressed  at  a  low  rate  to  a  nominal  strain  level  and  a  small  oscillating  load  will  be  applied. 
The  time  lag  between  the  applied  load  and  the  measured  displacement  will  allow  the 
determination  of  the  viscous  response  and  the  amplitude  of  the  stress-strain  trace  will  allow  a 
determination  of  the  elastic  stiffness.  The  tests  will  be  performed  at  a  variety  of  strain  rates  and 


strains  in  the  range  preceding  the  onset  of  plasticity.  The  properties  measured  in  the  oscillating 
tests  should  validate  those  measured  in  the  initial  portion  of  the  standard  load-to-failure  tests. 

Since  impacts  of  polymers  usually  generate  strain  rates  on  the  order  of  102  or  03  per- 
second,  tensile  property  data  at  strain  rates  up  to  1000  per-second  will  be  generated  using  a  split 
Hopkinson  bar  test.  In  this  test  a  specimen  is  attached  between  two  steel  bars.  The  input  bar 
is  impacted,  sending  a  compressive  wave  through  the  input  bar,  specimen,  and  output  bar.  The 
wave  reflects  off  the  end  of  the  output  bar,  travels  back  through  the  output  bar  as  a  tensile  wave 
and  into  the  specimen.  The  strains  in  the  input  and  output  bars  are  measured  throughout  the  test 
and  used  to  compute  the  time  history  of  deformation  of  the  specimen. 

The  "traditional"  tests  described  above  have  (up  to  the  onset  of  plasticity)  reasonably 
simple  load  histories  and  stress  states  which  can  be  analyzed  to  provide  direct  estimation  of  some 
of  the  parameters  required  for  any  constitutive  models.  Since  the  goal  of  this  research  is  to 
establish  constitutive  relations  which  predict  the  response  of  materials  under  multiaxial  stress 
states,  it  will  be  necessary  to  perform  some  "non-traditional"  tests  (i.e.  those  which  aren’t 
performed  in  any  standard  set  of  material  characterization  experiments).  The  non-traditional  tests 
will  not  be  used  to  directly  determine  properties  of  the  materials,  but  will  form  part  of  the 
database  from  which  "optimized"  material  model  parameters  arc  developed.  Two  types  of  tests 
will  fall  into  this  category:  tension-torsion  and  flatwise  tension/compression. 

a  ension-  torsion  tests  will  be  performed  on  thin-walled  cylinders  of  material.  The 
cylinders  will  be  simultaneously  stretched  and  twisted  to  produce  a  bi-axial  state  of  stress. 
Different  combinations  of  stretching  and  twisting  will  allow  a  series  of  stress  states  to  be  applied 
to  the  materials. 

Flatwise  tension/compression  tests  will  be  performed  on  coupons  which  are  much  larger 
in  the  two  lateral  dimensions  than  they  are  thick.  The  coupons  will  be  bonded  between  steel 
plates  and  stretched  or  compressed.  Mechanical  response  in  these  tests,  which  approximates  a 
state  of  plane  strain,  is  dominated  by  the  dilatational  components  of  stress  and  strain.  These  tests 
contrast  with  the  standard  tension  and  compression  tests,  where  the  response  is  dominated  by  the 
deviatoric  components  of  stress  and  strain. 


Optimum  Parameter  Estimation 

For  selection  of  optimum  parameters,  test  simulation  models  will  be  developed  for  each 
of  the  types  of  tests  described  in  the  preceding  section.  Parameter  estimation  will  be  performed 
in  two  steps.  First,  trial-and-error  will  be  used  to  define  parameters  which  reasonably 
approximate  the  results  of  the  "traditional  tests."  Subsequently,  a  least  squares  error  minimization 
procedure  will  be  used  to  minimize  the  total  error  between  the  predicted  and  measured  responses 
for  both  the  "traditional"  and  "non-traditional"  tests. 

The  least  square  error  minimization  process  is  outlined  in  Figure  7.  Code  for 
implementing  this  process  is  currently  being  developed  using  the  ADS  optimization  software23. 
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In  tills  procedure  each  of  the  test  simulation  models  is  run  sequentially,  based  on  the  initial 
estimates  of  the  material  model  parameters.  Experimentally  determined  strains  (or  displacements) 
as  a  function  of  time  are  used  as  inputs  to  the  models.  The  predicted  stresses  (or  loads)  are  used 
to  form  an  objective  function  which  is  defined  as  the  weighted  sum  of  the  squares  of  the 
differences  between  the  predicted  and  measured  stresses  Goads)  at  a  given  time  and  strain. 
Function  minimization  routines  are  used  to  minimize  the  objective  function  by  modifying  some 
or  all  of  the  material  model  parameters. 

Although  the  approach  described  above  appears  relatively  straightforward,  there  are  some 
key  f  fficulties  which  must  be  overcome  to  make  the  procedure  feasible.  The  nonlinear  equations 
make  the  possibility  of  multiple  local  minima  of  the  error  function  highly  likely.  In  fact, 
attempts  by  this  author  to  use  least  squares  error  minimization  on  the  linear  viscoelastic  series 
representations  for  moduli  given  in  Equations  6  and  7  have  shown  that  these  functions  alone 
produce  an  objective  function  with  multiple  local  minima.  In  order  to  overcome  these 
difficulties,  it  is  anticipated  that  some  of  the  parameters,  such  as  the  terms  in  the  linear 
viscoelastic  representations,  will  be  determined  directly  from  the  test  data  and  held  fixed  during 
the  optimization  process.  Ihe  remaining  parameters  will  serve  as  variables  for  optimization.  The 
methods  used  in  this  research  to  resolve  these  problems  should  provide  guidelines  for  obtaining 
parameters  for  materials  other  than  those  evaluated  here  or  for  other  nonlinear  constitutive 
relations. 


Material  Model  Validation 


Of  course,  developing  new  material  models  is  only  useful  if  the  models  do  a  better  job 
of  representing  structural  response  than  currently-available  models  do.  The  ability  of  the 
constitutive  relations  and  parameters  selected  to  model  short  duration  events  will  be  evaluated 
using  tests  which  have  more  complex  stress  states  and/or  loading  histories  than  those  used  in 
developing  the  parameters  for  the  models.  The  constitutive  relations  will  be  implemented  in  the 
explicit  FE  code  X3D24.  Impact-type  tests  will  be  performed  and  compared  to  predictions  made 


with  the  FE  code.  Two  tests  suitable  for 
test  and  the  free-falling  dart  impact  test. 


tKie  rxnmA^A  of-  o 
mo  ut  u 


jpVftl  tliA  t^rap-nnint  KptiH 

V*  U*V  Miv  MUWW  pu&lili  UW1«V» 


Three-point  bending  tests  will  be  performed  at  cross-head  rates  up  to  12,000  inch/minute. 
Both  monotonic  and  cyclic  loading  tests  will  be  performed.  Loads  and  displacements  will  be 
measured  throughout  die  tests.  Good  agreement  between  predicted  and  experimentally  observed 
responses  should  provide  confidence  in  the  material  model  to  match  the  modulus  of  the  material 
at  various  loading  rates  and  strain  levels. 


The  free-falling  dart  test  is  a  standardized  test  used  for  detennining  the  impact  resistance 
of  plastic  sheeting25.  The  test  uses  a  metal  impactor  with  a  hemispherical  tip  which  is  dropped 
onto  a  flat  sheet  of  plastic.  Typically,  this  test  is  run  as  a  pass-no  pass  test  at  a  series  of 
increasing  velocities  for  determining  the  energy  required  to  fracture  a  particular  material. 
However,  for  ductile  plastics  impacted  below  the  velocity  which  induces  failure,  a  permanent 
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indention  forms.  Good  agreement  between  the  predicted  and  experimentally  observed  post-test 
shapes  for  a  range  of  tests  velocities  should  provide  confidence  in  the  material  model  to  predict 
yield  and  plastic  deformation  of  the  polymers  evaluated  for  impact  loading. 


Conclusions 


Currently,  nonlinear  viscoelastic  and  viscoplastic  models  exist  which,  based  on  results 
presented  in  the  literature,  appear  to  encompass  the  types  of  material  behavior  observed  in  short 
time  duration  events.  However,  very  little  research  has  been  done  in  combining  these  theories 
in  a  consistent  manner  to  arrive  at  mathematical  models  which  describe  all  of  the  phenomena  of 
interest  The  efforts  currently  underway  will  provide  a  general  mathematical  model  of  the 
nonlinear  time-history  dependent  stress-strain  relations  for  thermoplastics  in  the  glassy  state.  In 
addition  to  advancing  present  analysis  capabilities,  this  work  will  form  a  broad  foundation  for 
further  investigation  of  the  response  of  thermoplastics  at  moderate  and  large  strains.  Many 
related  areas  of  analysis,  such  as  long-term  creep  and  stress  relaxation,  exist  for  which  the  results 
of  this  work  may  serve  as  a  suitable  starting  point 

A  second  important  result  of  this  work  will  be  the  development  of  guidelines  for,  and  the 
performance  of,  a  set  of  tests  for  determining  appropriate  parameters  for  modeling  the  high-rate 
response  of  specific  polymers.  Numerical  experiments  will  be  made  to  determine  the  capabilities 
of  nonlinear  optimization  procedures  for  defining  "optimum"  parameters  for  the  model  based  on 
the  test  data.  Although  tests  are  being  performed  only  on  a  few  selected  polymers,  the  guidelines 
will  be  general  enough  that  the  same  strategy  can  be  applied  to  other  materials. 
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(Norn  Strain  Ra*  -  0.005  rVrvsoc) 


Figure  1  Effect  of  Temperature  on  Tensile  Response  of  Stretched  Acrylic 
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Figure  2  True  Stress  versus  Nominal  Strain  Showing  Considere’  Construction 


PEAK  STRAIN  AT  1 .91  SECONDS 


Figure  S  Hysteresis  of  Stretched  Acrylic  for  Various  Strain  Amplitudes 


Figure  6  Isochronous  Curves  Showing  Deviation  from  Linear  Viscoelastic  Resonse 


Figure  7  Constitutive  Model  Parameter  Estimation  by  l^east  Squares  Error  Minimization 
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Abstract 

The  Wright  Laboratories  effort  to  develop  technology  for  direct  forming  of 
aircraft  transparencies  has  demonstrated  that  thick  walled  optical  quality 
transparencies  can  be  injection  molded  utilizing  low  pressure,  long  cycle 
processes.  Complexity  and  cost  of  molds  dictate  that  the  molding  process  and  inputs 
to  the  mold  design  be  generated  analytically.  Molded  transparencies  and  molds  i 

should  not  be  built  by  trial  and  error.  j 

i 

Commercial-Off-The-Shelf  (COTS)  computer  software,  is  available  for 
simulating  typical  injection  molding  processes  for  thin  walled  parts.  Major  j 

differences  exist  between  the  direct  forming  process  for  transparencies  and  typical 
injection  molding.  This  paper  addresses  the  application  of  one  COTS  simulation 
package  to  direct  forming  of  aircraft  transparencies.  Typical  injection  molding  is  I 

contrasted  to  expected  cycles  for  molding  aircraft  transparencies.  Modifications  to 
simulating  software  which  may  be  necessary  for  simulating  transparency  molding 
are  highlighted.  Utilization  of  molding  simulation  software  as  an  integrated  module 
of  the  aircraft  transparency  Analytical  Design  Package  (ADP)  developed  by  Wright 
Laboratories  is  also  discussed. 

LoiroducUon 

Under  the  current  Air  Force  effort  to  develop  technology  which  permits 
forming  aircraft  transparencies  directly  from  molten  bulk  resin,  injection  molding 
has  been  demonstrated  as  a  direct  forming  process.  This  capability  generates 
potential  improvements  in  life  cycle  cost  and  performance  which  is  unprecedented 
in  the  history  of  transparency  design  and  manufacturing.  A  discussion  addressing 
these  potentials  and  progress  in  demonstrating  the  new  technology  is  included  in 
reference  1.  Identifying  and  simulating  major  differences  in  the  demonstrated  t  * 

injection  molding  process  and  "normal"  injection  molding  are  critical  to  the 
success  of  this  direct  forming  method. 

The  purpose  of  this  paper  is  to  introduce  the  analytical  simulation  of 
injection  molding,  to  illustrate  how  these  simulations  are  being  confirmed  as  a  part 
of  the  direct  forming  and  frameless  transparency  technology  development,  and  to 
discuss  known  disparities  in  existing  simulation  and  the  specialized  process  needed 
to  produce  aircraft  transparencies. 
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Since  transparency  design  for  high  performance  aircraft  must  consider 
flight  loads,  impact  resistance,  and  thermal  environment,  efficiency  of  design  and 
manufacture  demands  that  analytical  structural  and  thermal  simulations  be  utilized 
to  perform  design  iterations  prior  to  investing  in  tooling  and  prototype  fabrication. 
Finite  element  analysis  is  common  to  analytical  simulations  for  static  loading, 
impact  loading,  thermal  exposure,  and  injection  molding.  Because  a  common 
geometrical  model  can  be  shared  by  these  simulations  and  because  design  iterations 
are  coupled,  the  development  of  an  Analytical  Design  Package  (ADP)  which 
integrates  software  packages  has  been  added  to  the  technologies  currently  being 
demonstrated.  The  major  goal  of  the  effort  to  develop  technology  for  directly 
formed  and  frameless  aircraft  transparencies  is  the  development  and  confirmation 
of  the  ADP  represented  in  Figure  1.  C-mold,  a  Commercial-Off-The-Shelf  Software 
(COTS)  package  for  simulation  of  injection  molding  is  currently  being  integrated 
into  the  ADP. 

The  approach  to  confirming  the  ADP  includes  exercising  the  ADP  to  produce 
a  directly  formed  frameless  transparency  design  and  the  injection  molding 
parameters  which  dictate  the  design  of  an  injection  mold,  fabricating  the  mold, 
molding  transparencies,  testing  these  transparencies,  and  comparing  test  results  to 
transparency  design  objectives.  When  the  ADP  objectives  and  test  results  are  in 
agreement,  the  ADP  can  be  applied  to  specific  transparency  requirements  to 
produce  directly  formed  transparencies  for  use  in  the  field. 

The  transparency  currently  being  utilized  for  ADP  confirmation  is  generic 
in  nature  as  opposed  to  a  configuration  for  a  specific  flight  vehicle.  inis 
transparency  is  referred  to  as  the  Confirmation  Frameless  Transparency  (CFT)  and 
is  described  in  reference  1.  The  CFT  configuration  (Figures  2  and  3)  will  be  utilized 
in  illustrations  which  accompany  the  text  of  this  paper. 

DescEipiiQqjaLInieaiQn  Molding.  Simulators 

Software  for  simulation  of  injection  molding  may  be  obtained  in  a  package 
for  this  purpose  alone  or  integrated  with  Computer  Aided  Design  (CAD)  packages  or 
Computer  Aided  Engineering  (CAE)  packages  which  may  include  capabilities  for 
geometric  design,  structural  design,  and  numeric  machine  control  typical  of 
Computer  Aided  Manufacturing  (CAM). 

Injection  molding  software  normally  includes  the  capability  for  modeling 
geometry  of  the  molded  part,  a  capability  for  creating  a  finite  element  mesh  for 
this  geometry  (see  example  in  Figure  4)  and  routines  for  numeric  solution  of 
governing  equations  for  fluid  flow  and  heat  transfer  from  resin  as  it  fills  the  mold 
cavity,  cools,  and  solidifies.  Forms  of  finite  element  and  finite  difference  methods 
are  used  to  obtain  solutions  for  generalized  How  of  viscous,  compressible  molten 
resin  under  non-isothermal  conditions  with  asymmetric  thermal  boundary 
conditions.  Calculations  should  be  performed  across  the  full  thickness  of  the 
molded  part  for  generalized  thermal  conditions  and  generalized  flow.  Various 
simplifying  assumptions  can  be  made  when  desired  results  are  limited,  or  when 
molded  parts  or  process  can  be  simplified.  One  approach  is  to  conduct  a  series  of 
simulations  with  increasing  analysis  complexity  and  model  refinement. 


Successful  simulation  of  injection  molding  is  highly  dependent  on  properties 
of  the  material  to  be  molded.  Further  the  methods  for  obtaining  material  properties 


must  be  orchestrated  with  simulation  modeling  and  analysis.  A  typical  approach 
for  simulation  vendors  is  to  offer  testing  of  resin  to  the  users  of  their  software. 
Variations  of  thermal  and  rheological  properties  with  temperature  must  be  known 
for  successful  molding  simulation.  Handbook  material  property  values  are  not 
generally  considered  adequate  for  rigorous  simulation. 

Typical  Process  and  Cycle 

Injection  molding  includes  forcing  molten  resin  into  a  relatively  cool  cavity, 
holding  the  resin  under  pressure  as  it  solidifies,  and  additional  cooling  to  a 
condition  compatible  with  removal  of  the  molded  part.  The  mold  is  then  closed  and 
the  cycle  repeated.  Equipment  required  includes  a  method  for  melting  and 
injecting  resin,  a  mold  enclosing  a  cavity  and  a  resin  delivery  path,  and  a  method 
for  removing  heat.  Figure  5  is  a  schematic  representation  of  a  typical  molding 
system.  Additionally,  a  clamping  method  for  holding  the  mold  together  during 
injection  and  permitting  molded  part  removal  is  required. 

Simplistically,  the  cycle  can  be  characterized  as  having  three  stages:  Filling, 
post  filling,  and  mold  open.  Figure  6  shows  these  sequential  stages. 

Eilling: 


Filling  is  initiated  when  the  mold  is  closed.  A  hydraulically  driven 
displacement  controlled  ram  (generally,  the  screw  for  masticating  resin  as  it  is 
melted  also  serves  as  the  ram)  forces  resin  injection.  The  filling  stage  is  complete 
when  the  cavity  is  filled  and  ram  motion  has  essentially  stopped.  Often,  stopping 
the  ram  just  before  the  cavity  is  completely  filled  is  necessary  to  offset  the  effects 
of  inertia  and  to  prevent  a  very  high  momentary  pressure  which  would  result  as 
the  cavity  is  completely  filled. 

Posi  Filling; 

After  the  cavity  is  filled,  pressure  (typically  less  than  the  maximum 
injection  pressure)  is  maintained  on  the  molten  resin  by  the  ram.  As  polymeric 
resin  cools  to  solidification,  resin  volume  decreases  generating  the  need  for  entry 
of  additional  resin  into  the  cavity.  This  phase  in  the  post  filling  stage  is  referred  to 
as  packing. 

When  all  of  the  resin  in  the  cavity  has  solidified,  the  ram  can  be  retracted, 
relieving  pressure.  During  the  remainder  of  the  post  filling  stage,  heat  is  removed 
until  the  temperature  of  the  molded  part  has  dropped  to  a  level  which  insures 
stability  of  the  molded  part  after  removal  from  the  mold. 

Mold  Open; 

During  this  stage  the  mold  is  prepared  for  the  next  cycle.  In  simple  cycles 
this  may  reflect  the  only  time  required  for  the  mold  clamping  hardware  to  effect 
closing  of  the  mold.  When  inserts  are  required  in  the  molded  part,  they  are  placed 
in  the  mold  at  this  time.  In  typical  injection  molding,  part  removal  temperature  is 
essentially  equal  to  the  mold  temperature  during  filling  so  heating  or  cooling  of 
the  mold  is  not  required  during  this  stage. 

Macroscopic  Flow  and  Cooling  Considerations 
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As  the  molten  resin  fills  the  mold  cavity,  a  flow  front  with  meniscus  like 
cross  sectional  shape  is  formed  (see  Figure  7).  When  the  resin  contacts  the  cool 
(relative  to  melt  temperatures)  cavity  wall  a  thin  solidified  skin  is  immediately 
formed.  As  the  flow  front  progresses,  the.  thickness  of  solidified  resin  previously 
formed  thickens  at  a  rate  which  depends  on  the  rate  of  removal  of  heat  from  the 
resin  and  the  volumetric  flow  of  the  new  melt.  This  concept  points  out  several  very 
important  situations: 

As  frozen  resin  at  the  walls  thickens,  flow  cross  section  area  decreases, 
and  higher  pressure  is  required  to  maintain  flow.  This  effect  is 
prominent  in  molding  of  thin  walled  parts.  At  some  pressure  level  the 
clamp  holding  the  mold  together  will  be  defeated  and  the  part  will  flash 
with  resin  extruding  outside  the  cavity  and  compromising  process 
control. 


Ram  displacement  control  must  be  programmed  to  maintain  volumetric 
flow  to  adequately  fill  the  cavity  while  preventing  excessive  friction 
heating  which  will  occur  if  the  flow  area  is  excessively  reduced  due  to 
the  thickness  of  frozen  resin  at  mold  walls.  At  some  temperature  level 
the  resin  will  be  degraded. 


After  filling,  resin  volume  decreases  as  the  resin  cools,  ,  requiring  more 
resin  to  enter  the  cavity.  This  resin  must  flow  through  cavity  walls 
near  the  gate  where  frozen  skin  has  been  building  in  thickness  since 
the  beginning  of  the  filling  process.  If  the  demand  for  additional  resin 
due  to  cooling  cannot  be  met,  the  frozen  skin  will  pull  away  from  the 
mold  wall  to  offset  volume  decreases.  A  surface  defect  in  the  molded 
part  known  as  "sink"  will  result. 


Remedies  for  these  concerns  can  be  applied.  Design  of  the  molded  part  and  the 
mold  can  prevent  the  need  for  filling  large  volumes  through  smaller  volumes, 
multiple  gating  arrangements  can  shorten  the  length  of  injection  paths,  or  the 
mold  could  be  differentially  heated.  Predicting  these  situations  and  application  of 
effective  remedies  can  be  part  of  the  design  stages  if  simulation  is  used. 


-Mold,  an  Injection  Molding  Simulation  Package 


The  software  currently  being  considered  by  WL/FIVR  in  the  development  of 
direct  forming  technology  and  specifically  for  ADP  integration  is  a  COTS  package 
available  from  AC  Technology,  Inc..  Ithaca  New  York  (reference  3).  This  package  is 
well  developed  for  conventional  injection  molding  of  thin  walled  parts.  C-Mold 
contains  three  simulation  programs:  C-Flow,  C-Pack,  and  C-Cool. 

CJdlM 


C-Flow  addresses  only  the  mold  filling.  This  analysis  considers  generalized 
incompressible  flow  of  a  viscous  polymeric  melt  under  non-isothermal  conditions. 
Thermal  boundaries  are  assumed  to  be  symmetrical.  The  analysis  seeks  numerical 
solution  for  pressure  and  temperature  fields  and  tracks  moving  melt  fronts. 

Potential  problems  related  to  filling  the  mold  can  be  studied  with  minimal 
input  from  the  user.  Short  shots,  weld  lines,  and  air  traps  can  be  discovered. 


983 


Optimum  process  conditions  including  melt  temperature  and  filling  time  can  be 
developed.  A  WL/FIVR  study  comparing  shapes  of  intentional  short  shots  and 
predicted  flow  front  shape  and  position  confirmed  the  validity  of  this  type  of 
modeling  and  analysis  for  predicting  flow  front  junctures  (weld  lines)  and  air  traps 
in  sub  scale  panels  with  thickened  edges.  Figure  8  illustrates  C-Flow  indication  of 
an  air  trap  near  the  center  of  the  CFT  aft  arch  when  latch  inserts  are  not  modeled. 
This  air  trap  is  not  indicated  (Figure  9)  in  C-Flow  simulations  of  the  CFT  when  latch 
inserts  are  included  in  the  thickened  sills.  Flow  front  contours  in  Figure  9  also 
indicate  the  effects  of  inse>  ts  on  flow  front  velocity  in  thickened  sills. 

A  simplified  version  of  filling  simulation  is  included  in  C-Mold  as  C-Flow  EZ. 
This  simulation  requires  minimal  user  input  and  computer  time.  The  geometric 
model  and  finite  element  mesh  can  be  checked  out  and  a  profile  for  controlling  ram 
speed  is  suggested. 

C-Fack 

C-Pack  simulates  the  entire  molding  process  including  fluid  flow  and  heat 
transfer  within  the  polymer  as  it  fills  the  cavity,  solidifies  during  the  packing 
process,  and  cools  to  a  temperature  suitable  for  part  removal  from  the  mold.  Mold 
wall  temperature  is  not  varied  during  the  C-Pack  analysis.  If  a  C-Cool  analysis  has 
preceded  the  C-Pack  simulation,  a  temperature  distribution  over  the  mold  is  used.  If 
no  C-Cool  distribution  is  available,  C-Pack  uses  an  average  mold  wall  temperature 
value  based  on  temperatures  in  cooling  channels  if  channels  are  included  in  the 
finite  element  model.  If  channels  are  not  modeled,  an  average  temperature  value 
based  on  coolant  manifolds  is  used. 

C-Pack  can  be  utilized  to  improve  the  current  mold  design,  optimize  packing 
pressure  profile  and  duration,  determine  overall  part  weight,  and  verify  flow 
orientation. 


As  an  example  of  C-Pack  output.  Figure  10  shows  temperature  variation 
through  the  thickness  of  CFT  nodes  at  1040  seconds  into  the  cycle  time.  A  much 
higher  temperature  exists  at  the  center  of  the  2  inch  thick  aft  arch  than  at  nodes  in 
the  optical  area  where  the  thickness  is  .75  inches.  Also  it  is  obvious  that  the 


pack/ nolo  pressure  snouiti  not  be  removed  at  this  time  since  the  aft  arch  has  not 
cooled  significantly. 


Based  on  a  cooling  channel  network  which  can  be  geometrically  modeled 
utilizing  C-Mold  software  and  techniques,  a  program  for  obtaining  flow  rate  and 
pressure  drop  in  each  cooling  channel  element  runs  as  a  part  of  C-Cool.  Using  the 
flow  rates,  C-Cool  calculates  the  heat  transfer  coefficients  for  heat  exchange 
between  the  mold  and  the  coolant.  In  addition  to  this  heat  transfer,  heat  transfer 
within  the  polymer  melt  and  heat  transfer  within  the  mold  material  is  considered. 
The  analysis  matches  the  temperature  and  heat  flux  at  the  mold/melt  interface. 
Direct  output  includes  mold  wall  temperature  and  heat  flux  distributions,  polymer 
bulk  temperature,  and  heat  load  from  the  molded  part.  Heat  removed  by  each 
channel  is  predicted  and  can  be  used  to  size  pumps  and  temperature  controllers. 
Uneven  cooling  when  comparing  cavity  and  core  walls  can  be  identified. 
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When  C-Cool  is  run  prior  to  C-Pack,  a  file  is  generated  which  permits  C-Pack 
to  utilize  a  more  realistic  temperature  distribution  at  mold  walls.  Without  the  C-Cool 
result,  C-Pack  will  reflect  the  same  average  temperature  on  cavity  and  core  walls. 
With  this  improvement  in  thermal  boundary  condition,  improved  C-Pack  simulation 
can  be  expected. 

Figure  11  shows  the  CFT  C-Mold  model  including  cooling  channels  and  a 
distribution  of  mold  wall  temperature  during  the  filling. 

CEI  Molding 

Efforts  are  current^  underway  to  develop  a  molding  process  for  directly 
formed  frameless  transparencies  at  Envirotech  Molded  Products,  Salt  Lake  City  UT. 
A  more  detailed  discussion  of  this  effort  is  included  in  reference  1.  For  this 
development  a  unique  mold  and  Heating-Cooling  (H-C)  system  have  been  prepared 
and  installed  at  the  Envirotech  facility.  Some  of  the  mold  and  H-C  features  which 
may  impact  the  simulation  of  injection  molding  for  aircraft  transparencies  will  be 
discussed  here. 


The  CFT  is  a  large  molded  part,  but  is  not  unprecedented  in  size.  Envirotech 
has  extensive  experience  in  molding  items  which  are  much  larger  (reference  2). 
Relative  to  many  large  injection  molded  parts  the  CFT  is  very  simple,  requiring  no 
complicated  ribs,  bosses,  sharp  corners  or  flanged  openings.  Figures  12  and  13  are 
photographs  of  the  CFT  mold  cavity  and  core.  The  combination  of  requirements  for 
transparency,  impact  resistance  and  wall  thickness  which  varies  from  thick  (.75 
inches)  to  very  thick  (2.25  inches)  makes  molding  the  CFT  a  unique  challenge.  A 
collapsing  core  has  been  incorporated  into  the  mold  for  demonstrating  the 
capability  to  mold  large  objects  which  would  "wrap  around"  or  trap  a  one  piece 
core. 


The  first  80  shots  at  Envirotech  will  be  made  to  develop  molding  process.  The 
starting  point  for  these  shots  will  reflect  the  process  developed  during  the  molding 
of  about  500  flat  and  conical  panels  which  were  sub  scale,  but  incorporated  most  of 
the  CFT  features  and  requirements.  Based  on  this  experience,  expected  successful 
process  parameters  for  CFT  molding  are  as  follows: 


Melt  temperature 

Mold  temp  during  fill 

Injection  pressure 

Total  time  for  resin  at  melt  temp 

Filling  time 

Pack/hold  pressure  &  cooling 
Mold  open  time 


560  deg  F  (normal  for  polycarbonate) 

300  deg  F  (avg  for  8  zones,  unusually  high) 
1000  psi  (low  for  simulating  software) 

45  minutes  (unusually  long) 

60  seconds  (long  for  simulating  software) 
50  minutes  (long  for  simulating  software) 

10  minutes  (long  for  simulating  software) 


The  H-C  system  developed  for  the  CFT  (and  anticipated  subsequent 
transparency  molding)  has  the  capability  for  independently  heating  and  cooling 
eight  mold  zones.  This  is  accomplished  by  maintaining  two  constantly  flowing  oil 


circuits.  The  hot  oil  circuit  can  be  maintained  at  a  maximum  of  500  deg  F  and  the 
cold  oil  circuit  can  be  kept  at  a  temperature  as  low  as  37  deg  F.  Set  temperatures  and 
temperature  ramps  are  achieved  for  each  mold  zone  by  a  feed  back  control  system 
which,  based  on  temperatures  sensed  in  input  lines  to  each  zone,  cycles  a  controller 
which  controls  flow  rate  and  alternates  flow  from  the  hot  or  cold  circuit  to  achieve 
the  desired  temperature  set  values  at  programmed  times.  As  many  as  eight 
temperature  ramps  can  be  programmed  for  each  of  the  eight  mold  zones  during  the 
molding  cycle. 

As  a  simulation  system  C-Mold  has  the  capability  to  model  independent  zones 
(manifolded  coolant  channels)  in  the  mold,  but  the  temperature  and  flow  rate  of 
coolant  is  constant  for  the  cycle  and  the  temperature  is  not  normally  greater  than 
the  temperature  for  opening  the  mold.  Normally  simulated  systems  are  for  cooling 
(removing  the  heat  brought  to  the  mold  by  the  molten  resin). 

Low  injection  pressure  anticipated  for  the  CFT  molding  cycle  is  representative 
of  the  750  psi  pressure  used  to  mold  the  sub  scale  panels.  Pressures  ten  to  twenty 
times  these  values  are  utilized  in  most  injection  molding  and  the  simulation 
routines  are  written  for  that  magnitude.  In  C-mold,  1,000  psi  and  the  resulting 
filling  times  are  considered  beyond  "reasonable"  limits.  Low  injection  pressure 
results  in  several  advantages  for  transparency  molding.  It  is  suspected  that  long 
time  intervals  at  melt  temperatures  can  be  better  tolerated  by  the  resin  if  the  resin 
is  not  subjected  to  shear  and  friction  associated  with  being  forced  through  small 
gates  and  between  thinly  spaced  mold  walls  at  high  velocity.  Transparencies  are 
thick  walled  and  are  relatively  simple  shapes  with  a  minimum  of  corners  or  other 
restrictions  to  the  flow  of  resin.  A  major  driver  for  conventional  injection  molding 
is  high  production  rate  which  dictates  high  pressure  and  short  cycles.  At  present, 
the  motivation  to  make  more  than  one  transparency  per  hour  is  not  great. 

Because  the  wall  thickness  of  the  typical  aircraft  transparency  is  thick 
compared  to  typical  injection  molded  parts,  the  effect  of  the  thickness  of  frozen 
resin  at  the  mold  wall  has  minimal  effect  on  the  resin  passing  through  during  the 
mold  filling  when  these  velocities  are  highest.  Mold  zoning  and  the  capability  for 
programmed  changes  in  heating  and  cooling  during  the  molding  cycle  are 
expected  to  permit  filling  of  thick  sections  at  the  end  of  long  injection  paths  and  to 
enhance  resin  flow  to  these  areas  during  packing  thereby  minimizing  sink.  Also, 
to  promote  filling  and  surface  quality,  zones  near  the  gate  may  need  to  be  heated  to 
temperatures  greater  than  the  mold  open  temperature  which  is  normal  for 
simulated  injection  molding.  The  H-C  system  developed  for  transparency  molding 
will  be  utilized  to  accomplish  this  during  the  mold  open  phases  of  each  cycle. 

The  current  simulation  of  flow  front  and  associated  benefits  is  expected  to  be 
applicable  to  the  injection  molding  of  transparencies.  Utilizing  present  programs 
for  simulations  strongly  related  to  low  injection  pressures  and  changes  in  the 
temperature  of  coolant  during  the  molding  cycle  will  probably  require  changes  to 
rhe  software  or  changes  in  the  methods  for  modeling  the  molded  parts,  molds,  and 
systems  for  thermal  control. 

The  CFT  mold  has  been  fitted  with  33  thermocouples  and  8  pressure  transducers 
which  are  monitored  continuously  through  each  molding  cycle.  Molding 
personnel  may  scan  current  values  or  view  time  histories  of  these  data  during  the 
molding  cycle.  Data  from  these  sensors  can  be  utilized  singly  or  in  arrays  to  adjust 
subsequent  cycles  or  to  assess  causes  for  molded  transparency  defects  and  the 


effects  of  cycle  changes  on  the  quality  and  performance  of  molded  parts.  The 
effectiveness  of  simulation  will  also  be  assessed  utilizing  this  data. 


Conclusions 

1.  Simulation  of  injection  molding  as  the  direct  forming  process  for  aircraft 
transparencies  permits  identification  and  correction  of  problems  related  to 
transparency  design,  mold  design  and  process  parameters  during  transparency 
design.  This  prevents  the  need  for  costly  post  fabrication  modification  of  molds 
and  other  molding  hardware.  Simulation  capability  is  critical  to  the  success  of 
injection  molding  of  aircraf  t  transparencies. 

2.  Commercial-Off-the-Shelf  simulation  packages  are  currently  capable  of 
simulating  the  filling  phase  of  anticipated  aircraft  transparency  injection 
molding  cycles. 

3.  Successful  simulation  of  packing  and  cooling  phases  of  anticipated  aircraft 
transparency  injection  molding  cycles  have  not  been  demonstrated. 

Modifications  to  existing  software  to  obtain  useful  simulation  of  these  phases  is 
believed  to  be  necessary. 

Recommendations 

1.  Utilize  currently  available  mold,  heating-cooling  system,  and 
instrumentation  to  get  experience  in  molding  CFT  full  scale  frameless 
transparency  (this  molding  is  currently  being  conducted). 

2.  Augment  current  molding  efforts  with  simulations  and  study  simulation  and 
actual  molding  results  to  identify  disparities  between  simulation  and  molding. 

3.  Involve  vendors  of  simulation  software  packages  in  the  resolution  of 
mismatches  in  current  simulation  programs  and  the  process  which  is  being 
developed  for  directly  formed  aircraft  transparencies. 

4.  Customize,  if  necessary,  at  least  one  simulating  software  package  for 
maximum  effectiveness  in  simulating  injection  molding  of  aircraft 
transparencies.  This  customization  should  reflect  molding  experience  gained 
during  current  molding  efforts  to  develop  molding  process. 
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typical  injection  molding  cycle 
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Macroscopic  View  of  Mold  Filling 
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Figure  12  CAVITY 


CONFIRMATION!  FRAMELESS  TRANSPARENCY 


Figure  13  CORE 


SESSION  VIII 


COMPUTER  AIDED  ANALYSIS  -  PART  B 


Chairman:  M.  Gran 

Flight  Dynamics  Directorate 
Wright  Laboratory 

Co-Chairman:R.  McCarty 

Flight  Dynamics  Directorate 
Wright  Laboratory 

Coordinator:  M.  Bouchard 

University  of  Dayton 


ANALYTICAL  DESIGN  PACKAGE  -  ADP2  A  COMPUTER  AIDED  ENGINEERING 
TOOL  FOR  AIRCRAFT  TRANSPARENCY  DESIGN 


J.  Wuerer 
PDA  Engineering 

M.  Gran 

Flight  Dynamics  Directorate 
Wright  Laboratory 


T.  W.  Held 
University  of  Dayton 


ANALYTIC  i,  DESIGN  PACKAGE  -  ADP2 
A  COMPUTER  AIDED  ENGINEERING  TOOL 
FOR  AIRCRAFT  TRANSPARENCY  DESIGN 


J.E.  Wuerer,  PDA  Engineering 
M.  Gran,  Wright  Laboratory 
T.W.  Held,  University  of  Dayton 


ABSTRACT 


Tne  Analytical  Design  Package  (ADP2)  is  being  developed  as  a  part  of 
the  Air  Force  Frameless  Transparency  Program  (FTP).  ADP2  is  an  integrated  design 
tool  consisting  of  existing  analysis  codes  and  Computer  Aided  Engineering  (CAE) 
software.  The  objective  of  the  ADP2  is  to  develop  and  confirm  an  integrated  design 
methodology  for  frameless  transparencies,  related  aircraft  interfaces,  and  their 
corresponding  tooling.  The  application  of  this  methodology  will  generate  high 
confidence  for  achieving  a  qualified  part  prior  to  mold  fabrication. 


ADP2  is  a  customized  integration  of  analysis  codes,  CAE  software  and 
material  databases.  The  primary  CAE  integration  tool  for  the  ADF2  is  P3/PATRAN, 
a  commercial-off-the-shelf  (COTS)  software  tool.  The  open  architecture  of 
P3/PATRAN  allows  customized  installations  with  different  application  modules  for 
specific  site  requirements.  Integration  of  material  databases  allows  the  engineer  to 
select  a  material  and  those  material  properties  are  automatically  called  into  the 
relevant  analysis  code.  The  ADP2  materials  database  will  be  composed  of  four 
independent  schemas:  CAE  Design,  Processing,  Testing  and  Logistics  Support. 


The  design  of  ADP2  places  major  emphasis  on  the  seamless  integration  of 
CAF.  *nd  analysis  m 'Gules  with  a  single  intuitive  graphical  interface.  This  tool  is 
being  designed  to  sen'e  and  be  used  by  an  entire  project  team,  i.e.,  analysts, 
designers,  materials  experts  and  managers.  The  final  version  of  the  software  will  be 
delivered  to  the  Air  Force  in  January,  19S4.  Tne  Analytical  Design  Parkage  (ADP2) 
will  then  be  ready  for  transfer  to  industry.  The  package  will  be  capable  of  a  wide 
range  of  design  and  manufacturing  applications. 


1  INTRODUCTION 


ADP2  is  an  integrated  design  tool  consisting  of  existing  analysis  codes  and 
Computer  Aided  Enginering  (CAE)  software.  The  objective  of  the  ADP2  effort  is  to 
develop  and  confirm  an  integrated  design  methodology  for  frameless  aircraft 
transparencies.  ADP2  analysis  capabilities  include:  aerodynamic  heating,  transient 
thermal  response,  static  and  dynamic  structure  response,  optical  ray  trace,  injection 
molding  process  simulation,  and  an  aircraft  transparency  related  material  properties 
modeling  and  databank  system.  The  design  process  is  to  be  iterative  and  capable  of 
producing  frameless  transparency  designs,  information  needed  for  the  design  of 
integral  aircraft  interfaces,  and  information  needed  to  support  the  design  of 
injection  molding  tooling  and  the  specification  of  molding  process  parameters  for 
specific  materials. 

ADP2  is  a  second  generation  analysis  system.  The  initial  ADP  development 
was  initiated  in  1989,  References  1,  2  and  3.  Since  the  inception  of  the  original  ADP, 
significant  developments  in  both  CAE  and  design  support  software  relevant  to 
aircraft  transparency  design  have  evolved.  In  addition,  certain  current  design 
requirements,  e.g.,  optics  analysis  and  material  properties  modeling,  were  not 
addressed  in  the  original  ADP.  Finally,  significant  advances  in  computing  hardware 
have  occurred  making  it  possible  to  perform  the  required  computations  on 
workstation  systems  as  opposed  to  mainframe  platform  j. 

Recent  developments  in  CAE  design  tools  have  introduced  the  ability  to 
integrate  special  purpose  and  commercial-off-the-shelf  (COTS)  software  in  a  user 
friendly  (intuitive/interactive)  environment.  That  is,  to  have  a  single  user  interface 
serve  the  primary  analysis  functions,  specifically: 

1,  Modeling 

-  Geometric  Modeling  (construction  and  modification) 

-  CAD  arid  IGES  File  Import 

~  Graphics  Manipulation 

-  Meshing 

-  Loads  and  Boundary  Conditions  Specifiction 

2.  Materials  Data  Management 

-  Analysis  Code  Properties  Input 

-  Test  Data  Processing  and  Reduci  ion 

3-  Analysis  Module  and  Module  Parametei  Specification 


4.  Results  Evaluation 


The  design  of  ADP2.  places  major  emphasis  on  the  seamless  integration  of  CAE  and 
analysis  modules  with  a  single  intuitive  graphical  user  interface. 

2  ADP2  SCOPE 


The  principal  objective  of  the  ADP2  end.  product  is  to  provide  an  integrated 
CAE  tool  to  support  the  design  of  frameless  (injection  molded)  aircraft 
transparencies.  This  tool  is  being  designed  to  serve  and  be  used  by  the  entire  project 
team,  i.e.,  analysts,  designers,  materials  experts,  and  managers.  Emphasis  is  being 
placed  on  ease  of  use  with  the  need  for  the  user  to  learn  only  one  common  graphical 
user  interface. 


The  ADP2  design  places  emphasis  on  the  use  of  standardized  methods  for 
electronic  communication  of  data  to  support  the  CAE  process.  Specific  examples 
include:  (1)  the  ability  to  import  CAD  and/or  IGES  files  to  simplify  geometry  model 
development,  (2)  the  ability  to  store,  process  and  import  materials  property  data  to 
support  the  design  process,  and  (3)  to  allow  users  (including  users  at  different  sites) 
to  share  analysis  results. 


Finally,  the  ADP2  design  addresses  the  issue  of  cost  effectiveness.  Where 
possible,  commercial  off-the-shelf  (COTS)  software  is  specified.  This  approach 
alleviates  the  need  for  the  software  owner  to  support  and  upgrade  the  software 
system  as  relevant  new  developments  and  improvements  emerge.  In  addition, 
COTS  software  portability  is  generally  maintained  for  common  engineering  work 
station  platforms.  Cost  effectiveness  is  also  addressed  through  ease  of  use  and 
enhanced  design  team  communication.  For  example,  the  design  team  will  have  the 
ability  to  review  analysis  results  from  the  perspective  of  their  individual  needs.  Ease 
of  use  will  allow  all  members  of  the  design  team  to  communicate  through  direct  use 
of  the  AD3?2  to  support  their  individual  roles. 


The  specified  analysis  module  requirements  for  the  ADP2  are  listed  in  Table 
1,  (note  the  ADP2  column).  A  comparison  of  the  original  ADP  and  ADP2  analysis 
module  set  is  shown.  It  can  be  seen  that  the  specified  upgrades  are  extensive.  In 
fact,  none  of  the  original  ADP  modules  are  planned  for  the  ADP2  end  product.  This 
is  the  result  of  several  major  developments  since  the  original  ADP  was  defined 
some  four  years  ago.  It  is  planned  that  ADP2  will  be  configured  so  as  to  eventually 
allow  the  evolution  of  an  ADP  based  on  commercial-off-the-shelf  (COTS)  software. 
This  potential  evolution  is  indicated  as  ADP/COTS  in  Table  1.  Although 
A  DP/COTS  is  not  a  development  target  for  the  present  program,  it  is,  however,  an 
important  planning  issue  for  ADP  supportability  and  has  a  direct  impact  on  the 
ADP2  architecture. 


Table  1  ADP  Development  Phases 


MODULE  FUNCTION 

ADP 

Design  Process  Manager, 
Graphical  User  Interface, 
and  Project  Manager 

IRIS  4-SIGHT 

Modeling/ Pojt-Frocessing 

PATRAN  2.4 

CAD  Interface 

IGES  File 

Aeroheating  Environment 

STAHET 

Thermal  Response 

TAP 

Structural  Analysis 

MAGNA 

Birdstrike  Analysis 

MAGNA 

Optical  Raytrace 

NONE 

Injection  Molding 

C-MOLD  1.5 

Materials  Properties  and 

Process  Data  Management  Sys. 

Results  Animation 

NONE 

ADP2 


P3/PATRAN 


P3/PATRAN 


P3/ UNIGRAPHICS 
P3/IGES 


STAHET  II 


TAP  II 


P3/FEA 


OPTRAN 


C-MOLD  3.2 


M/' VISION 
P3/MATL.  SELECTOR 


P3  /  ANIMATION 


ADP/COTS 


P3/PATRAN 


P3/PATRAN 


F3/UNIGRAPHICS 

P3/IGES 


P3/CFD 


P3/THERMAL 


P3/FEA 


ABAQUS  EXPLICIT 


CODE  V 


C-MOID  3.2 


M/VISION 
P3/MATL.  SELECTOR 


P3/ANIMATION 


The  primary  CAE  integration  tool  for  ADP2  and  ADP/COTS  is  P3/PATRAN. 
The  open  architecture  of  P3/PATRAN  provides  the  option  to  use  several  solver 
modules  other  than  the  baseline  modules  indicated  in  Table  1.  A  listing  of 
alternative  solvers  which  are  commercially  integrated  with  P3/PATRAN  are  listed 
in  Table  2.  This  flexibility  of  P3/PATRAN  will  expand  the  opportunity  for  ADP2 
and  or  ADP/COTS  users  to  use  their  favorite  solvers. 

Table  2  Application  Modules  Commercially  Integrated  With  P3/PATRAN 


MODULE  FUNCTION 

MODULE  TRADE  NAME 

CAD  INTERFACE 

UNIGRAPHICS 

CADDS  5 

CATIA 

Pro/ ENGINEER 

EUCLID-15 

IGES 

PDES/STEP 

THERMAL  RESPONSE 

P3/ THERMAL 

SINDA 

P3/ ADVANCED  FEA 

ABAQUS 

STRUCTURAL  ANALYSIS 

ABAQUS 

AN  SYS 

MARC 

MSC/NASTRAN 

P3/FEA 

F3/ ADVANCED  FEA 
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ADP2  is  initially  being  developed  for  the  Silicon  Graphics  (SGI)  Iris 
workstation  which  has  a  UNIX  (IRIX  4.0.5)  operating  system.  A  development  goal  is 
to  have  the  end  product  portable  to  common  UNIX  based  engineering  workstations. 
The  specific  development  work  station  is  an  SGI  IRIS  CRIMSON  /  ELAN  with  64 
megabyte  main  memory,  a  50  megahertz  (MIPS  R4000)  processor,  and  a  3.8  gigabyte 
capacity  system  disk. 

The  overall  architecture  of  the  planned  ADP2  end  product  is  shown  in  Figure 
1.  The  primary  CAE  integration  element  of  ADP2,  P3 /PATRAN,  provides  the  basic 
framework  for  the  executive  control  to  implement  application  module  integral  on, 
preprocessing  (modeling)  capability  and  post-processing  (results  display)  capability. 
The  basic  capability  of  P3 /PATRAN  is  extended  by  the  ADP2  customization, 
indicated  by  the  shaded  area  in  Figure  1. 


3  ADP2  INTEGRATION 

What  does  the  ADP2  Customization  consist  of?  This  is  a  question  that  many 
ADP2  users  have  asked.  Comments  have  been  made  to  the  effect  that  one  is  not 
able  to  determine  where  P3/PATRAN  ends  and  ADP2  begins.  Tire  reason  for  this  is 
actually  one  of  the  advantages  of  using  the  customization  features  of  the  all  new 
P3/PATRAN  as  the  core  of  ADP2.  Enhancements  made  to  P3/PATRAN  via  th ;  use 
of  the  COTS  supported  PATRAN  Commmd  Language  (PCL)  tool  kit  makes  all 
added  functionality  seamless.  In  other  wo  ds,  the  enhancements  actually  appear  to 
be  a  part  of  P3/PATRAN. 

3.1  ADP2.  System 

The  ADP2  system  includes  several  specified  commercial  and  non-commercial 
software  application  modules  which  support  the  design  and  manufacturing  process. 
These  software  products  are  then  integrated  with  custom  software  to  simplify  the 
work  of  the  engineering  analyst. 

Specifically,  the  software  modules  specified  for  ADP2  were  listed  in  Table  1. 
ADP2  System  functionally  consists  of  two  major  parts:  the  Project  Manager  and  the 
Application  Interfaces.  The  Project  Manager  manages  all  data  which  the  engineer 
creates  and  accesses.  It  also  manages  the  process  flow  between  P3/ PATRAN  and  the 
various  simulation  tools.  The  Application  Interfaces  integrate  the  specific 
simulation  tools  with  P3/PATRAN.  The  overall  architecture  of  the  system  was 
shown  in  Figure  1. 


3.2  Project  Manager 

The  Project  Manager  is  responsible  for  all  items  that  relate  to  Project 
Management  and  Process  Plow.  Under  most  instances,  the  user  will  no  longer  need 
to  keep  track  of  his  files.  All  data  within  ADP2  is  refereiiced  with  respect  to  a  specific 
project  or  task.  The  user  simply  selects  the  task  or  project  that  he  is  interested  in  and 
begins  modeling  or  analyzing.  ADP2  will  even  keep  track  of  where  the  user  was 
during  his  last  visit  to  ADP2  and  place  him  at  the  same  task  the  next  time  he  visits 
ADP2. 

The  Project  Manager  also  ensures  that  the  analysis  tool  requested  by  the  user 
will  be  used  on  the  model  associated  with  the  specified  task.  The  Project  Manager 
actually  informs  P3/PATRAN  of  which  analysis  tool  is  to  be  used  with  a  specific 
model.  So,  when  the  engineer  specifies  that  he  would  like  to  perform  an  analysis, 
P3/PATRAN  will  know  exactly  which  analysis  to  perform. 

Another  feature  of  ADP2  is  the  ability  for  engineers  to  share  data.  An 
engineer  can  easily  copy  data  from  one  project  to  another.  He  can  also  copy  data 
from  the  outside  world  (data  existing  outside  of  the  ADP2  system)  into  the  ADP2 
Project  Management  System. 

3.3  Application  Interface 

The  Application  Interface  consists  of  all  analysis  tools  as  well  as  their  forward 
and  reverse  translators  to  P3/PATRAN.  It  also  consists  of  the  graphical  forms 
interface  with  which  the  user  interacts  with  to  specify  what  it  is  that  he  would  like 
to  do  with  a  specific  analysis  tool. 

For  instance,  take  the  case  of  the  application  interface  for  the  birdstrike 
analysis  module,  X3D.  Once  the  Project  Manager  has  handed  the  model  to 
P3/PATRAN,  the  user  can  use  P3/PATRAN  to  improve  upon  the  model.  When 
the  user  is  ready  for  analysis,  he  selects  "Analysis"  on  the  menu  bar  and  the  X3D 
graphical  forms  are  displayed  to  assist  the  user  in  specifying  the  parameters  for  the 
type  of  simulation  he  would  like  X3D  to  perform.  These  forms  are  part  of  the 
custom  code  developed  for  the  Application  Interface  of  ADP2.  When  the  user  is 
satisfied  with  the  model  and  parameters  that  he  has  specified,  he  will  "Apply"  these 
parameters  and  begin  the  simulation  task.  In  the  case  of  X3D,  The  model  and 
parameters  are  automatically  input  into  the  forward  translator.  This  translator 
converts  the  data  into  the  format  required  by  X3D.  This  translator  is  also  a  part  of 
the  custom  code  developed  for  the  Application  Interface  of  ADP2.  After  the  model 
and  parameters  have  been  translated,  X3D  is  automatically  submitted  as  a 
background  job.  Once  the  X3D  job  has  completed,  the  results  can  be  imported  back 


into  the  PATRAN  3  model  by  use  of  the  reverse  translator,  another  piece  of  the 
custom  code  developed  for  the  Application  Interface  of  ADP2. 


4  ADP2  APPLICATION  MODULES 

There  are  a  total  of  nine  primary  modules  integrated  into  the  ADP2  analysis 
tool.  An  overview  of  the  functionality  embedded  in  each  of  these  modules  follows. 

4.1  P3/PATRAN 

P3/PATRAN  is  an  advanced  computer  aided  engineering  (CAE)  integration 
tool  introduced  by  PDA  Engineering,  Costa  Mesa,  CA,  in  June  of  1992,  Reference  4. 
P3/ PATRAN  tool  has  an  open  architecture  which  provides  several  important 
capabilities.  These  include: 

1.  direct  software  links  to  leading  CAD  systems, 

2.  direct  software  links  to  analysis  software  programs,  both  leading 
commercial  and  user  developed  programs, 

3.  pre-  and  post-processing  capabilities  to  allow  geometry  and  FEM 
development,  as  well  as  analysis  results  display, 

4.  an  integrated  subset  of  the  materials  selection  capability  from  PDA's 
M/VISION  family  of  products,  and 

5.  a  fully  integrated  set  of  P3/PATR/'  M  analysis  modules  for  performing 
structural,  thermal,  computational  fluid  dynamic,  fatigue,  and  other 
types  of  mechanical  analyses. 

P3/PATRAN  has  a  user  friendly  "mouse  activated"  window  environment 
graphical  user  interface  (GUI)  which  provides  execution  of  the  analysis  system 
without  the  need  to  remember  a  particular  command  syntax.  The  open  system 
architecture  and  GUI  provide  the  basic  capability  to  build  a  user  friendly  executive 
control  capability  for  ADP2. 

P3 /PATRAN  has  been  specified  for  ADP2  primarily  for  its  capability  as  a  CAE 
system  integration  tool.  However,  there  are  several  analysis  modules  that  are  fully 
developed  and  completely  integrated  with  P3 /PATRAN.  These  analysis  modules 
include: 

1.  P3/FEA  for  comprehensive  finite  element  analysis. 


2.  P3/ADVANCED  FEA  which  is  a  non-linear  module  dec  eloped  jointly 
with  HKS  based  on  ABAQUS  analysis  technology, 

3.  P3/FATIGUE  lor  durability  analysis, 

4.  P3/CFD  is  a  state-of-the-art  computation  fluid  dynamics  module  for 
workstations, 

5.  P3/THERMAL  is  a  state-of-the-art  finite  element  based  thermal  analysis, 
and 

6.  P3 /ANIMATION  is  an  advanced,  state-of-the-art  animation  capability 
co-developed  with  Intelligent  Light. 

All  of  the  above  modules  have  specific  relevance  to  the  requirements  of  the  ADP. 
However,  the  initial  development  plan  includes  only  two  modules.  These  are 
P3/FEA  which  is  reviewed  in  Section  4.5  and  P3/ ANIMATION  which  is  reviewed 
in  Section  4.7. 


4.2  M/VISiON 


M/ VISION  is  a  PDA  Engineering  materials  software  system  which  provide., 
for  data  visualization,  selection  and  integration.  Reference  5.  M  'VISION  uses 
centralized  relational  databases  organized  to  reflect  the  classes  of  materia ’s 
iruormation  needed  in  the  des.gt  -to-manufacturing  process: 


1.  Material:  Material  source  and  designations,  as  well  as  extension  to 
account  for  the  multipit  source...  associated  with  composite  materials . 

2.  Specimen.  Detailed  information  about  the  specimens  including 
comp  osition  and  processing  specifics 


3. 


environment:  opeciiic  iuiuruu  inu  aount  the  experimental 
including  temperature  and  hurni  iity  as  well  as  statistics  and  q 


/*  /“fci".  nn  c 
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4.  Properties:  Mechanical,  physica.,  therma’..  and  eta  trie  a,  properties  of 
materials  including  extension,  to  account  for  anisotropy  Curves  and 
rasterized  images  are  represented  as  well. 


Data  stored  in  M/ VISION  may  be  directiy  accessed  by  F3/PATRr_N  via  tne 
P3 / MATERIALS  SELECTOR. 


M /VISION  provides  a  very  significant  upgrade  for  .-iDl'2's  materials  database 
management  functionality,  compared  to  that  in  the  original  ALP.  Details  of  the  role 
of  M/ VISION  in  the  ADP2  design  methodology  are  presei  .ee  in  Refer en:e  6.  The 
following  partial  list  summarizes  several  pertinent  fea  uie-s  provided  by  the 
M/VISION  COTS  product; 
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1.  Complete  graphical  user  interface  (GUI)  that  provides  visualization  of  all 
materials  database  functions. 

2.  Customization  of  database  schema;  i.e.,  attribute  list,  relationships,  etc. 
Easy  to  expand  database  to  include  more  properties  and  more  property 
types. 

3.  Units  easily  changed  to  SI  or  any  user  defined  system. 

4.  Metadata  and  footnotes  provided  with  data  values  that  enable  inclusion 
of  material  source,  specimen  conditions,  test  environment,  test 
anomalies,  etc. 

5.  Data  can  be  stored  and  manipulated  using  an  extensive  spreadsheet 
functionality. 

6.  Database  queries  using  engineering  terminology  to  define  search 
conditions. 

7.  Full-featured  manipulation  and  storage  of  tables,  graphics,  and  CAT  scan 
images. 

8.  Strict  adherence  to  government  and  industry  standards. 

9.  Provides  data  importing  and  exporting  features  using  the  following 
exchange  protocols: 

-  IGES 

-  PDES/S1EP 

-  PATRAN  Neutral  File 

-  ASCH  Text  Spreadsheet  Files 

10.  M/VISION  databases  can  be  accessed  directly  or  queried  using  the  new  P3 
"materials  selector"  functionality  (via  GUI  form  driven  features). 

As  a  powerful  stand-alone  product,  M /VISION  can  be  utilized  in  a  variety  of 
ways,  within  the  design-to-manufacturing  process.  Generally,  throughout  the 
design  process,  engineers  do  not  have  a  central  on-line  source  and  electronic  access 
to  high  quality  materials  information  required  for  analytical  design  assessment 
simulations.  Often  the  materials  information  that  is  available  is  missing  critical 
property  values  requiring  further  testing  or  analytical  material  synthesis.  Therefore, 
M/VISION's  role  could  be  two-fold.  As  a  central  source  for  database  management, 
M/VISION  could  serve  to  create,  update,  and  stoic  all  the  available  materials 
information  pertinent  to  the  transparency  design  community.  Ix  this  role, 
M/ VISION  would  be  executed  and  maintained  by  a  Materials  and  Processes  gioup(s) 
for  the  overall  design-to-manufacturing  process.  Materials  data,  needed  by  aesign 
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simulation  modules,  would  be  accessed  using  one  of  the  various  transfer  protocols 
listed  above. 

4.3  STAHET  II 

STAHET  II  performs  the  computations  which  predict  the  aerodynamic 
heating  history  to  the  transparency  system  for  a  specific  aircraft  configuration  and 
mission  profile.  The  results  of  these  computations  are  then  used  as  input  boundary 
conditions  to  the  transient  heating  analysis  (TAP  II)  for  the  detailed  transparency 
model,  as  discussed  in  Section  4  4. 

The  STAHET  II  and  TAP  II  codes  are  embedded  in  the  STAPAT  II  (Specific 
Thermal  Analyzer  Code  for  Air  :ra  t  Transparencies)  development.  STAPAT  II, 
rather  than  a  single  computer  program,  is  actually  an  analysis  methodology 
incorporating  a  set  of  compute:  codes.  There  are  5  major  elements  of  this 
methodology,  specifically: 

1.  develop  the  foreoody  me  del. 

2.  compute  the  aeroheating  over  the  transparency  surface  using  the 
STAHET  compute:  code  and  these  n.jdels  (STAHET), 

3.  develop  the  transparency  finite  eieme  t  model  (S7ABLD ), 

4.  compute  tine  transier.t,  three  dimensional  transparency  system 
temperatures  usmg  the  TAP  computer  code  and  the  finite  element 
model  (TaP;,  and 

5.  display  the  models  and  results  u_ing  the  STAPLT  computer  code 
(STAPLT). 

Details  of  the  above  methodology  are  reported  in  B-aferences  7,  8,  and  9- 

The  above  methodology  has  several  inconsistencies  with  the  ADP2 
architecture,  specifically  with  respect  to  Item  1,  forebody  model;  hem  2,  transparency 
finite  element  model;  and  Item  5,  display  models  and  results.  In  ADP2,  all  of  these 
tasks  are  handled  by  P3/PATRAN.  In  addition  STAPAT  II  was  specifically 
developed  for  the  DEC  VAX/ VMS  computer  systems.  For  ADP2,  both  STAHET  U 
and  TAP  II  have  been  ported  to  UNIX  based  platforms. 

STAHET  L  represents  a  signiiacaxit  upgrade  to  the  STAHET  code  which  is 
embedded  in  the  fix  st  gen  ation  of  ADP  (Reference  3).  The  ground  rules  for 
developing,  the  code  were  that  STAHET  II  must;  (1)  be  user  friendly  and  non- 
proprietary,  (2)  provide  accurate  transparency  temperatures  without  excessive 
computing  resources;  (3)  use  existing  rijethodologies  to  predict  heating  rates  and 
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temperatures;  and  (4)  retain  or  improve  all  original  STAHET  capabilities.  Reference 
7. 

The  general  capabilities  of  the  STAHET  II  code  are  summarized  in  Table  3. 
4  Details  of  the  indicated  capabilities,  their  assumptions  and  limitations,  and  their 
1  implementation  are  presented  in  References  8  and  9. 


Table  3  General  Capabilities  of  STAHET  and  STAHET  II 


STAHET 

STAHET  II  IMPROVEMENTS 

•  Two  Streamline  Tracing  Methods 

•  Modified  Newtonian  Pressure  Calculation 

•  Laminar  and  Turbulent  Heating  Correlations 

•  Boundary  Layer  Transition  Options 

•  Wall  Temperature  Effect  Modeling 

•  Mission  I  rofile  (Mach  and  Altitude)  Input 
for  3-D  Geometries 

•  2-D  Wind  Tunnel  Modeling 

•  Standard  Day,  Hot  Day,  Cold  Day 
Atmospheres 

•  Ideal  Gas  Air  Model 

•  Simplified  Streamline  Tracing  Techniques 
Selected  as  Default 

•  User  Input  of  Streamline  Starting  Angles 
Added 

«  Four  Shadow  Region  Pressure  Prediction 
Techniques  Added 

•  Wall  Temperature  Effect  Modeling 

Improved 

•  3-D  Wind  Tunnel  Model  Capability  Added 

•  Extension  to  Hypersonic  Flow 

The  integration  of  STAHET  II  into  the  ADP2  product  is  limited  to  those 
capabilities  relevant  to  current  tactical  and  strategic  aircraft.  Capabilities  relevant  to 
hypersonic  vehicle  applications,  i.e.,  Mach  Number  greater  than  about  4  and 
altitude  greater  than  100,000  feet,  exist  in  the  basic  STAHET  II  code.  The 
implementation  of  this  capability  would  require  an  extension  of  the  ADP2/STAHET 
II  application  interface. 

An  important  feature  of  the  STAHET  II  integration  into  ADP2  is  the 
inclusion  of  (and  ready  availability  of)  aircraft  forebody  geometries.  The  complete 
file  of  16  STAHET  II  geometries  has  been  included.  Geometries  relevant  to 
conventional  military  aircraft  include  F-16,  F-15,  F-4,  F-18,  and  B-1B.  Low  RCS 
aircraft,  missile,  and  several  hypersonic  forebodies  also  exist  in  the  library.  The 
example  of  the  F-16  iorebody  configuration  is  shown  in  Figure  2. 

An  example  of  an  ADP2/STAHET  II  result  is  provided  in  Figure  3.  Shown  is 
a  fringe  plot  of  aerodynamic  heating  rate  over  the  portion  of  the  forebody  relevant 
to  the  transparency.  The  relevant  aerodynamic  heating  parameters  are  then 
transferred  to  TAP  11  where  the  predictions  of  the  transient  thermal  response  for  the 
transparency  are  conducted. 
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4.4  TAP  II 


The  TAP  (Transparency  Thermal  Analysis)  application  module  performs  the 
transient  thermal  response  analysis  for  the  transparency  structure.  The  primary  end 
result  of  the  analysis  is  the  temperature  field  as  a  function  of  time  for  the  detailed  3- 
dimensional  finite  element  model.  These  data  may  then  be  queried  to  examine  for 
critical  temperatures  and/or  be  directly  handed  off  to  the  thermal  stress  finite 
element  model  via  the  P3/PATRAN  FEM  Field  Interpolator. 

The  ,eneral  capabilities  of  the  TAP  application  module  are  summarized  in 
Table  4.  Details  of  the  above  capabilities  and  their  implementation  are  discussed  in 
References  8  and  9. 

An  example  geometry  used  to  build  the  TAP  finite  element  model  (FEM)  is 
shown  in  Figure  4.  The  specific  geometry  is  for  the  designated  "Confirmation 
Ftameless  Transparency"  (CFT7A)  as  specified  by  Wright  Laboratories.  Example 
TAP  II  results  are  shown  in  Figure  5.  Shown  is  the  temperature  field,  at  a  specific 
mission  time  point,  displayed  in  the  TAP  II  FEM  via  the  P3/PATRAN  post¬ 
processing  capability. 


table  4  general  Capabilities  of  TAP  and  TAP  II 


TAP 

TAP  n  IMPROVEMENTS 

•  3-D  Finite  Element  Solution 

•  Defog  Modeling  Improved 

•  Material  Property  Data  Base 

•  Cabin  Cooling  Air  Velocity  Default  Added 

•  Aeroheating  Imposed  on  External  Surface 

•  Fluid  Gap  Modeling  Improved 

•  Thermal  Boundary  Conditions 

•  External  Anti-Icing  Improved 

-  Generalized  Convection 

•  Line  Source  Capability  for  Convection 

-  Defog 

Added 

-  Anti-Ice  (Hot  Air  Blast) 

•  Earth  Radiation  Sink  Temperature  Added 

-  Electrical  Anti  Ice 

•  Expanded  Material  Fropeity  Data  Base 

-  Generalized  Heat  Flux 

•  Viscosity'  and  Molecular  Weight  Added  to 

-  Radiation-to-Sky 

Material  Property  Data  Base 

-  Element-to-Elemenl  Radiation 

•  Gap  Fluids  Added  to  Material  Property 

•  Standard  Day,  Hot  Day,  Cold  Day 

Data  Base 

Atmospheres 

*  Extension  to  Hypersonic  Flow 

•  Mission  Profile  (Mach,  Altitude  and  Time) 

Input 

4.5  P3/FEA 

P3/FEA  is  a  finite  element  based  structural  analysis  solver  that  is  fully 
integrated  with  the  P3/ PAT RAN  family  of  COTS  products.  P3./FEA  has  a  wide 
variety  of  analysis  capabilities,  solution  sequences,  element  types,  and  material 
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models,  including  temperature  dependent  laminated  composite  and  nonlinear 
materia]  properties.  Reference  10.  P3/FEA  makes  full  use  of  the  graphical  user 
interface  (GUI)  forms  system  provided  by  P3/PATRAN.  P3/FEA  analysis  jobs  are 
assembled,  submitted,  queried,  or  aborted  from  within  the  P3/PATRAN 
environment.  Results  evaluations  are  completely  menu  driven  and  fully 
integrated  with  the  P3/FEA  results  database. 

P3/FEA  solves  a  wide  variety  of  structural  problems.  An  extensive  finite 
element  library  and  set  of  solution  procedures,  which  can  handle  very  large  matrix 
equations  are  available  in  P3/FEA.  No  translators  are  needed  to  transfer  model  data 
from  P3/PATRAN  to  P3/FEA  or  to  transfer  results  back  to  P3/PATRAN  for  post¬ 
processing.  The  close  coupling  of  P3/PATRAN  and  P3/FEA  provides  the  user  with 
all  the  efficiencies  related  to  integrated  software. 

P3/FEA  can  handle  extremely  large  problems.  Models  of  over  one-hundred 
thousand  degrees-of-freedorn  have  been  analyzed.  A  restart  capability  is  provided 
for  large  problems  that  require  efficient  re-analyses  as  new  cases  are  defined  for 
existing  models. 

P3/FEA  will  provide  two  basic  analytical  simulations  needed  to  support  the 
ADP2  transparency  design  assessments.  These  are: 

x .  static  analysis  (linear  and  nonlinear)  and 

2.  dynamic  normal  modes. 

The  static  analysis  will  include  mechanical  load  environments  (pressures) 
and/or  thermal  load  environments  (in-depth  thermal  gradients).  The 
load/ temperature  values  defined  for  these  analyses  are  provided  by  the  TAP  II 
aerothermal  simulation  module  solution  results.  Automated  procedures  to 
interpolate  the  TAP  II  results  onto  and  into  the  P3/FEA  model  are  included  in  the 
P3/PATRAN  FEM  field  interpolation  function.  The  transparency  FEM  can  include 
"contact  only"  nonlinear  elements  in  the  regions  of  attachment  to  simulate  joint 
details.  The  nonlinear  iterative  procedures  to  establish  the  discontinuous  contact 
elements'  unique  combination  of  contact  and  gapping  is  provided  as  one  of  the 
P3./FEA  solution  procedures.  The  transparency  material  properties  used  in  these 
static  analysis  simulations  can  be  temperature  dependent  and/or  nonlinear  in  their 
defined  constitutive  relationships.  P3/FEA  provides  the  static  solution  procedures 
to  accommodate  temperature  dependent  element  material  property  evaluations. 

The  dynamic  environments  to  be  simulated  by  P3/FEA  for  the  transparency 
design  assessments  will  include  normal  modes  evaluations  and  possibly  subsequent 
frequency  response  and  random  vibration  solutions.  P3/FEA  provides  enhanced 
dynamics  analysis  capability  sufficient  to  simulate  any  foreseen  transparency 
dynamic  load  environment  or  modal  content  survey.  P3/FEA  can  solve  these 
problems  in  either  a  time  or  frequency  domain. 
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An  example  P3/FEA  result  is  shown  in  Figure  6.  Shown  is  a  fringe  plot  of 
Von  Mises  stress  on  the  transparency  surface  displayed  on  the  P3/FEA  finite 
element  model.  The  illustrated  stress  is  the  result  of  the  combined  effects  of 
pressure  and  thermal  loading. 

4.6  X3D 

X3D  is  an  explicit  FEA  code,  used  to  simulate  soft  body  impact  problems, 
including  the  birdslrike  of  aircraft  transparencies.  It  provides  substantial 
improvements  over  the  MAGNA  analytical  functionality  of  the  original  ADP. 

The  analytical  simulation  of  transparency  non-linear  transient  dynamic 
response  to  birdstrike  represents  a  distinctive  class  of  impact  structural  behavior. 
The  University  of  Dayton  Research  Institute  (UDRI)  has  developed  and  is 
continuing  to  enhance  a  new  explicit  non-linear  dynamic  response  FEA  code,  X3D 
(References  11,  12  and  13).  X3D  utilizes  an  explicit  solution  approach  similar  to 
other  well-known  FEA  codes;  e.g.,  DYNA3D,  WHAMS,  and  ABAQUS  Explicit. 
These  solution  methods  and  codes  have  been  widely  used  for  the  numerical 
simulation  of  a  variety  of  shock  and  wave  propagation  problems.  Impact  problems 
in  general  can  be  dominated  by  complicated  contact  surface  conditions  which  can 
require  very  small  numerical  integration  time  steps  which  in  turn  remove  the 
solution  advantages  of  an  implicit  solution  approach. 

X3D  provides  functionality  to  idealize  both  the  bird  (impactor)  and  the 
transparency  (target)  and  to  allow  them  to  come  into  transient  contact  with  the 
physics  of  momentum  transfer  defined  by  the  non-linear  explicit  solution  algorithm 
solution  results.  That  is,  no  analysis  assumptions  regarding  contact  pressure  time 
histories  or  spatial  distributions  are  required. 

X3D  has  been  evaluated  through  executions  and  correlations  with 
benchmark  test  cases;  i.e.,  impacting  Taylor  cylinder,  exploding  cylindrical  shell,  and 
F-16  centerline  transparency  impact.  Although  documented  validation  problems 
are  limited,  those  completed  to-date  show  promising  correlations  and  demonstrate 
the  improved  simulations  possible  with  the  use  of  X3D  code. 

The  X3D  impact  dynamics  code  provides  a  significant  numerical  tool  kit  to 
simulate  the  complex  soft  body  impact  environment  of  transparency  birdstrike: 

1.  FEA  Elements 

-  Both  3D  solid  (HEX  and  TET)  and  2D  layered  shell  elements  are 
provided.  The  2D  layered  shell  element  accommodates  soft 
interlayers  (plane  selections  do  not  remain  plane  over  the  overall 
layered  shell  thickness) 

2.  Material  Models  (2D) 
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-  Elastic-Plastic,  Rate  Sensitive,  Isotropic 

-  Linear  Elastic,  Orthotropic,  Brittle  Failure 

-  Viscoelastic  with  failure 

2'.  Material  Models  (3D) 

-  Elastic-Plastic,  Rate  Sensitive,  Isotropic 

-  Same  as  above  with  Discontinuous  P-V 

-  Newtonian  Viscous  Fluid 

4.  Automated  Contact  Surface  Evaluation  Procedures 

-  Slave  and  Master  node  sets  that  are  nonlinearly  evaluated  for  contact 

5.  Simple  "Rigid  Wall"  designation  procedures 

6.  Linked  element  lists  for  failure  assessments 

7.  Element  and  integration  stabilization  features 

An  example  X3D  result  is  shown  in  Figure  7.  The  deformed  transparency  and 
bird  finite  element  models  are  displayed,  for  the  specified  time  point.  A  fringe  plot 
of  Von  Mises  stress  is  displayed  on  the  model. 

4.7  OPTRAN 

OPTRAN  is  a  raytrace  code  which  evaluates  the  optical  quality  of  aircraft 
transparencies  subjected  to  operational  load  conditions.  The  code  was  developed  by 
the  University  of  Dayton  Research  Institute,  References  14  and  15. 

The  raytrace  optical  code  is  interfaced  to  finite  element  thermal  and  stress 
analysis  codes  to  permit  the  effects  of  operational  loads  to  be  modeled.  Thermal, 
displacement,  and  stress  field  definition  data  computed  by  the  finite  element  codes 
are  input  to  the  optics  module.  This  information  is  required  to  compute  the 
orthotropic  indices  of  refraction  throughout  the  material  volume  of  the  aircraft 
transparency.  This  computation  is  performed  at  each  step  along  the  propagation 
path  of  each  ray. 

The  optics  code  tracks  rays  of  various  wavelengths  through  the  transparency. 
The  deformed  geometry  generated  by  the  stress  analysis  is  used  to  determine  angles 
of  reflection  and  refraction  at  transparency  layer  boundaries.  Birefringent  indices  of 
refraction  are  computed  as  a  function  of  material,  temperature  and  stress  state  at  the 
refracting  surfaces  and  within  the  transparency  material. 
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Key  results  include  angular  deviation,  transmittance,  and  polarization  effects 
over  specified  regions  of  the  transparency.  Displacement  vectors  and  deformed 
grids  can  also  be  generated. 

4.8  C-MOLD 

The  C-MOLD  product  is  a  family  of  computer  codes  designed  to  support  the 
design  of  tooling  and  specification  of  process  parameters  for  fabrication  by  injection 
molding.  Reference  16.  The  modular  product  supports  both  the  processing  of 
thermoplastic  and  reactive  materials.  C-MOLD  is  a  commercial-off-the-shelf  (COTS) 
product  developed  and  marketed  by  AC  Technology,  Ithaca,  NY.  AC  Technology 
also  provides  materials  characterization  services  and  maintains  a  materials  database 
relevant  to  the  injection  molding  of  plastics. 

The  frameless  transparency  development  is  concerned  with  the  use  of 
thermoplastic  materials.  Therefore,  there  are  three  primary  processes  requiring 
simulation.  These  are: 


1.  the  process  of  the  initial  filling  of  tire  mold  (C-FLOW), 

2.  the  post-filling  process  where  shrinkage  occurs  (C-PACK),  and 

3.  the  transient  cooling  of  the  part  prior  to  meld  separation  (C-COOL). 

The  product  modules  which  address  these  processes  are  defined  in  parentheses 
above. 


The  C-FLOW  analysis  models  the  mold  filling  process  as  a  generalized  Hele- 
Shaw  (very  slow  motion)  flow  (Reference  16).  The  flow  conditions  are  for  an 
incompressible  viscous  polymeric  melt  under  non-isothermai  conditions  and 
symmetric  thermal  boundary  conditions.  The  numerical  solution  is  based  on  a 
hybrid  finite-element/ finite-different  method  to  solve  pressure  and  temperature 
fields,  and  a  control-volume  method  to  track  moving  melt  fronts.  Details  of  the 
analysis  methodology  are  presented  in  References  17  and  18. 

The  C-PACK  analysis  module  extends  the  above  analyses  module  to  include 
the  effects  of  asymmetric  thermal  boundary  conditions.  A  set  of  unified  governing 
equations  for  the  flowfield  is  used  throughout  the  filling  and  post-filling  stages.  The 
analyses  can  model  a  three-dimensional,  thin  cavity  with  a  melt-delivery  system 
that  may  contain  cold  or  hot,  circular  or  non- circular  runners.  The  influence  of 
shrinkage  is  also  included.  Details  relevant  to  the  C-PACK  analysis  are  presented  in 
References  19,  20,  and  21. 

C-COOL  is  a  three-dimensional  mold  cooling  simulation  to  assist  in 
designing  the  cooling  channel  system  for  plastics  injection  molding  processes.  The 
capability  exists  to  model  a  homogeneous,  three-dimensional  mold  with  a  thin 


i 
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cavity  and  with  a  cooling  system  that  contains  circular  or  non-circular  channels, 
baffles  and  bubblers.  A  channel  network  analysis  within  the  program  within  C- 
COOL  predicts  flow  rates  in  different  cooling  lines. 

The  C-COOL  module  uses  a  strategy  which  minimizes  input  data 
requirements,  user  time  and  computer  memory  requirements.  Heat  transfer  within 
the  polymer  melt  is  treated  as  transient,  local,  one-dimensional  heat  conduction 
with  static  solidification.  Heat  transfer  within  the  mold  is  treated  as  transient,  three- 
dimensional  conduction.  Heat  exchange  between  the  channel  surfaces  and  the 
cooling  fluid  is  treated  as  steady  and  is  accounted  for  using  correlations  for  the 
convective  heat  transfer  coefficient.  To  solve  the  relevant  governing  equations 
simultaneously,  C-COOL  uses  a  hybrid  scheme  consisting  of  a  modified,  three- 
dimensional  boundary  element  for  the  mold  region  and  a  finite  difference  method 
with  a  variable  mesh  for  the  melt  region.  These  two  analyses  are  coupled  iteratively 
to  match  the  temperature  and  heat  flux  at  the  mold/melt  interface.  A  special 
algorithm  has  been  developed  which  reduces  the  computational  memory 
requirements  by  a  factor  of  100,  compared  to  the  requirements  for  a  traditional 
approach. 

An  example  C-MOLD  result  is  shown  in  Figure  8.  Shown  is  a  result  from  the 
C-FLOW  module,  which  shows  the  melt  front  as  a  function  of  time  during  the  mold 
filling  process.  The  example  modeled  the  Configuration  Frameless  Transparency, 
using  a  representative  polycarbonate  resin. 

4.9  P3/ANIMAT10N 

P3 /ANIMATION  is  a  powerful  tool  that  offers  interactive  visualization, 
animation,  photo-realistic  rendering  and  video  tape  output  of  geometry  and  results 
data.  Reference  22.  It  is  designed  to  assist  engineers  in  the  investigation  and 
presentation  of  data  which  are  normally  very  difficult  to  visualize.  With 
P3/ ANIMATION,  information  can  be  displayed  in  a  number  of  different  ways 
including:  Wireframe,  Hidden  Line,  Solid  Shaded  and  Fringed  models.  Display  can 
be  further  enhanced  with  the  use  of  motion  to  view  the  data  from  a  variety  of 
angles  and  a  host  of  other  variables  such  as  transparency,  surface  coloring  and 
shading  characteristics. 

P3/ ANIMATION  uses  on-screen  animation  to  show  geometry  and  results  as 
dynamic  moving  pictures.  After  completing  an  analysis  in  P3/PATRAN,  static, 
modal  and  transient  data  sets  are  read  directly  into  P3/ ANIMATION.  The  user  then 
has  complete  control  over  visualization  in  both  space  and  time.  Models  may  be 
positioned  or  rotated  to  gain  a  better  view  and  any  single  time  step  or  range  of  time 
may  be  examined.  Fringe  plots  and  arrow  fields  are  used  to  display  scalar  and  vector 
data,  respectively,  and  model  deformations  may  also  be  displayed.  Sophisticated 
timing  controls  can  be  used  to  zoom  in  on  portions  of  the  analysis  that  are 
particularly  interesting,  while  skipping  over  portions  of  less  interest. 


10/9 


The  Animator  Tool  can  be  used  to  create  simple  or  key  frame  animations.  In 
simple  animations,  models  cycle  through  the  results  data  while  rotating  about  a 
single  axis.  In  key  frame  animations,  different  groups  can  be  posed  with  various 
rotations,  scales  and  rendering  transforms  applied.  Posing  allows  for  much  more 
creative  and  illustrative  animations,  in  which  many  attributes  and  transforms  can 
be  set  or  varied  over  time. 

Once  an  animation  is  defined,  the  Flipbook  Tool  can  be  used  to  compute 
sequences  of  frames  or  flipbooks  for  subsequent  playback  on  any  X  Windows  device 
in  the  network.  Flipbook  images  are  created  and  displayed  using  available  graphics 
hardware  to  increase  performance. 


5  CONCLUDING  REMARKS 

ADP2  has  been  designed  specifically  to  support  the  Air  Force  Frameless 
Transparency  Frogram.  The  completion  of  the  planned  work  will  provide  an 
important  suite  of  tools  to  aid  in  the  design  and  performance  evaluation  of 
injection  molded  transparency  systems.  The  validation  of  these  tools  will  be  a 
critical  aspect  of  the  ADP2  development  process. 

ADP2  provides  a  fully  integrated  methodology  relevant  to  the  general 
problem  of  aircraft  transparency  design.  A  key  aspect  of  ADP2  is  the  seamless 
integration  of  the  analysis  modules  with  P3/PATRAN,  an  advanced  commercially 
supported  CAE  integration  tool.  This  integration  provides  a  single  form  driven 
user  interface  which  serves  to  manage  the  analysis  process  and  the  analysis  module 
input  and  output  (results)  data.  The  user  remains  in  an  intuitive  environment  and 
is  freed  of  the  complexities  and/or  pecularities  of  the  computer  operating  system 
throughout  the  entire  design  process.  The  support  provided  by  the  employment  of 
a  commercial  CAE  integration  tool  and  the  selection  of  state-of-the-art  application 
modules  will  provide  Air  Force  and  its  contractors  with  a  cost  effective  tool  with  a 
significant  life  potential. 
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Figure  1  ADP2  Architecture 
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Figure  3  STAHET  I!  Result,  Aerodynamic  Heating  Rate  (Btu/ft2  sec) 
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Figure  4  CFT7A  Transparency  Geometry  Model 


Figure  5  TAP  il  Result,  Temperature  Field 
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Figure  7  X3D  Result,  Time  Resolved  Von  Mises  Stress  (psi) 
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ABSTRACT 


An  Air  Force  program  for  creating  an  engineering  workstation  devoted  to  the  design  of  aircraft 
transparencies,  ADP2  (Analytical  Design  Package),  was  structured  around  a  materials  data  server  (M/VISION 
coupled  with  PATRAN),  [1],  The  material  data  server  is  at  the  core  of  the  system  and  is  used  to  integrate  a 
number  of  applications  and  databanks,  both  commercial  off-the-shelf  (COTS)  and  special  purpose  items 
developed  by  die  Air  Force  and  the  University  of  Dayton  Research  Institute  (UDRI).  It  provides  the  focal  point 
for  loading,  processing,  cataloging  and  automated  transferring  of  materials  data  between  the  various 
applications. 


The  ADP  is  being  developed  as  a  part  of  die  Frameless  Transparency  Program  (FTP).  It  is  a  design  tool 
consisting  of  existing  analysis  codes  and  Computer  Aided  Engineering  (CAE)  software.  Within  the  FTP,  the 
objective  of  ADP2  is  to  develop  an  integrated  design  methodology  for  frameless  transparencies,  aircraft 
interfaces,  and  their  corresponding  tooling.  The  scope  goes  all  the  way  from  materials  testing  through  design 
and  analysis  to  manufacturing.  Several  categories  of  materials  data  are  handled,  including  raw  test  data, 
manufacturer's  law  test  data,  manufacturer's  product  data,  evaluated  property  and  specification  data  (such  as 
from  Military  Handbooks),  and  synthesized  or  simulated  properties  data.  The  functional  environment  requires 
multiple  iterations  or  cycles  through  the  design  process,  with  evolving  material  properties,  processing 
parameters,  as  well  as  various  testing,  manufacturing,  and  analysis  environments. 


INTRODUCTION 

Modem  transparency  system  design  drivers,  and  their  associated  information  database  requirements,  are 
both  diverse  and  complex,  as  illustrated  in  Figure  1,  [2].  This,  combined  with  the  transition  from  a  "build  and 
bust"  to  a  "design  and  anal,  tically  simulate"  philosophy  for  transparency  system  development,  has  led  to  an  on¬ 
going  need  to  organize  and  subsequently  computerize  the  vast  amounts  of  new  and  existing  information.  With 
new  transparency  materials,  new  design  and  manufacturing  concepts,  and  unproved  analytical  simulation  tools 
continually  emerging,  the  need  for  computerized  access  to  concurrent,  consistent  and  controlled  (quality 
standards)  materials  and  manufacturing  process  data  has  become  an  important,  but  difficult,  problem  within  the 
transparency  design  community.  Recent  ADP2  software  system  development  efforts  have  addressed  the 
technical  information  database  access  requirement  and,  more  specifically,  have  provided  direct  computerized 
access  to  materials  and  manufacturing  process  data  within  the  ADP2  integrated  design/simulation  module 
software  system  environment  It  is  this  integrated  functionality  which  is  addressed  in  this  paper. 


WHY  MATERIALS  AND  MANUFACTURING  PROCESS  DATA 
HAVE  BEEN  COMPUTERIZED  WITHIN  ADP2 

A  concurrent  "Design/Analysis/Manufacturing"  engineering  process  requires  concurrent  access  to 
concurrent  consistent  and  controlled  (quality  standards)  materials  and  process  information.  Computerization 
can  provide  a  method  for  the  systematic  organization  of  large  amounts  of  diverse  and  complex  information  (i.e., 
relational  databases),  while  simultaneously  providing  for  rapid  electronic  access  (i.e.,  standard  SQL  database 
queries)  by  designers,  analysts  and  process/test  engineers  within  the  product  development  cycles.  Once  *  * 
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computerized,  materials  information  can  be  more  easily  integrated  into  the  CAD/CAE  simulation  process,  and 
then  updated,  if  needed,  during  product  development  cycles  where  materials  and/or  manufacturing  processes  are 
evolving. 

Standard  M&P  data  control  and  quality  procedures  are  more  easily  maintained  and  enforced  across  all 
disciplines  in  the  transparency  design/simulation  process.  Accurate  and  up-to-date  material  properties  for 
multiple  complex  analytical  simulations  can  be  provided  from  one  source  (i.e.,  thermal,  structural,  injection 
molding,  optics,  etc.).  Automated  materials  data  production  can  be  supported  to  reduce  cost  and  time  to  input, 
synthesize,  store,  generate,  and  access  material  properties.  Reliable  units'  conversions  can  be  ensured  through 
user  (or  developer)  definable  and  selectable  "soft"  templates,  provided  within  the  computer  software  being 
utilized.  Both  tabular  and  graphical  data  can  be  provided  (displayed)  simultaneously  in  a  spreadsheet  environ¬ 
ment  that  accommodates  data  modification/generation  and  subsequent  database  storage.  Consistent  material  and 
manufacturing  process  designations  (attributes)  can  be  defined  across  all  information  databases  (CAE, 
Processing,  Testing,  Logistics,  etc.),  which  provides  a  method  to  eliminate  a  well  documented  pioduct 
development  problem;  that  being  non-conforming  materials  and  processes.  The  provision  for  consistent 
material  and  process  designations  is  of  particular  importance  for  plastics  and  composites,  which  often  evolve  as 
part  of  the  product  development  cycle. 


HOW  MATERIALS  AND  MANUFACTURING  PROCESS  DATA 
HAVE  BEEN  COMPUTERIZED  WITHIN  ADP2 

The  Analytical  Design  Package  (ADP2)  is  being  developed  as  part  of  the  Air  Force  Frameless 
Transparency  Program  (FTP).  ADP2  is  a  software  design  tool  that  has  a  single  graphical  user  interface  (GUI) 
and  executive  control  system  (ECS)  provided  by  a  PATRAN  Command  Language.  (PCL)  customization  of 
P3/PATRAN,  [3].  The  ADP2  Project  manager,  as  illustrated  in  Figure  2,  provides  a  fully  integrated 
transparency  design  software  system  environment  with  the  f  ollowing  features: 

•  Computer  Aided  Design  (CAD)  import 

•  Computer  Aided  Engineering  (CAE)  functionality 

•  Geometric  and  finite  element  modeling  (FEM) 

•  Analytical  simulation  code  (FEA)  solutions 

-  Structural  (MAGNA,  X3D,  P3/FEA) 

-  Thermal  (TAP) 

-  Aeroheating  (STAHET) 

-  Optic  (OPTRAN) 

-  Injection  Molding  (C-Mold) 

-  Animation  (P3/Animation) 

•  Analytical  results  post-processing 

•  Materials  and  Processes  (M&P)  database  access  and  modification  (CALS  compliant) 


The  overall  design  process  must  be  iterative,  and  capable  of  producing  frameless  transparency  and 
associated  aircraft  interface  designs,  high  confidence  transparency  injection  mold  designs,  and  analytically 
defined  molding  process  parameters  and  complex  high  strain  rate  material  property  relationships.  This  will  help 
ensure  accurate  simulations  of  actual  full-scale  transparency  processing  and  test  (i.e.,  birdstrike)  results.  The 
computerization  of  materials  and  manufacturing  process  database  information,  and  its  subsequent 
implementation  within  the  ADP2  software  system  architecture  (Figure  2),  is  critical  to  the  overall  design 
process,  and  the  subject  of  discussion  for  the  remainder  of  this  paper. 

ADP2  Materials  Software  Tools’  Functionality  and  Role  Within  the  ADP2  System 

As  shown  in  Figure  2,  two  (2)  commercial  off-the-shelf  (COTS)  software  products  are  at  the  core  of  the 
ADP2  materials  and  manufacturing  process  data  server; 


Figure  3  summarizes  the  key  materials  environment  functionality  that  this  COTS  product  provides  the 
integrated  ADP2  system.  MMSB  serves  as  the  central  electronic  databank  source  for  all  ADP2  materials 
and  manufacturing  process  test  data  and  CAE  analytical  simulation  module  material  proper?’  dr-ta.  Each 
material  property  can  have  its  own  units,  precision  and  footnotes.  Materials  behavior,  best  described  by 
figures  (i.e.,  c-e  curves,  S-N  curves,  etc.),  are  storable  directly  in  MMSB  databanks  as  cun  t,  matter 
and  runout  points  with  error  bars,  axis  labels,  units,  and  footnotes.  Property  tables,  figui,"  and  images 
(i.e.,  micro-photographs,  CT  images,  ultrasound  scans,  etc.)  are  related  with  the  complete  pedigree  of 
material,  processing  and  test  conditions. 

Databanks,  spreadsheets  and  other  MMSB  component  building  blocks  can  be  customized  and  assembled 
to  meet  specific  company,  project  and/or  user  needs;  fulfills  critical  requirement  of  the  ADP2  software 
system  integration  solution.  Requirements  for  company,  project  or  user  MMSB  databanks  are  easily 
defined  and  constructed  into  new  user-defined  databases.  Extension  of  the  database  schema,  including 
the  addition  of  new  attributes  and  extension  of  relations,  can  be  implemented  at  any  time,  even  after 
partial  loading  of  the  database.  Customized  spreadsheets  can  be  seamlessly  integrated  to  input, 
synthesize  and  store  data,  to  visualize  trends  (full  graphics  functionality  of  spreadsheet  data),  to  model 
material  responses,  and  to  build  entire  databanks.  The  MMSB’s  spreadsheet  environment  is  the  gateway 
to  electronic  manufacturer's  or  test  data  sources,  other  spreadsheets,  and  other  databases.  Standardized 
Remote  Procedure  Call  (RPC)  [5]  access  to  C  or  FORTRAN  programs  is  provided  from  within  the 
spreadsheet  environment.  The  RPC  spreadsheet  interface  is  a  feature  of  particular  importance  to  the 
ADP2  system  integration  solution. 

MMSB  adheres  to  current  and  emerging  standards  for  materials  data  exchange  [6,7).  MMSB  supports 
data  transfer  in  PATRAN®  neutral  file  and  IGES  standard  formats.  MMSB  reflects  a  continued 
participation,  by  its  developers,  in  the  emerging  product  data  exchange  standard  using  ISO/STEP 
(PDES).  This  has  produced  an  MMSB  which  supports  both  EXPRESS  import  and  export  Physical  file 
data. 
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PATRAN  3  module  that  provides  a  direct,  auditable  link  between  MMSB  material  databanks  and  the 
PATRAN  3  CAE  simulation  modeling  environment  (core  COTS  product  of  the  ADP2  system  solution). 
As  shown  in  Figure  4,  P3MS  provides  a  form  driven  graphical  user  interface  environment,  within  the 
PATRAN  3  "Materials"  Application,  to  select  material  property  information  directly  from  MMSB  binary 
databanks  (i.e..  Standards  (MIL-HDBK-5  and  17,  PMC90),  Producers  (Plastics,  Metals,  Ceramics, 
Composites),  and  ADP2  Defined  (CAE,  Processing,  Testing,  Logistics)). 

As  shown  in  Figure  5a.  a  simple  mouse  pick  selects  the  particular  MMSB  materials  databank  to  be 
accessed  for  consistent,  concurrent  and  controlled  material  properties  to  be  assigned  to  a  particular 
simulation  module's  analytical  material  property  model.  The  entire  selected  databank,  including 
footnotes,  is  displayable  within  the  "Material  Selector  (MS)"  form,  as  illustrated  in  Figure  5b.  A  full 
feature  spreadsheet  environment,  with  database  query  functionality,  is  provided  to  reduce  the  desired 
database  set  for  review.  Once  selected,  a  particular  material's  database  properties  are  automatically 
transferred  from  the  MMSB  binary  database  to  the  P3/PATRAN  model  database,  as  illustrated  in  Figure 
6a,  including  the  time  and  date,  the  source  MMSB  databank  identification,  the  pedigree  of  the  property 
set,  an  a  record  of  any  data  that  was  modifiea  from  its  original  database  value  or  supplied  by  the  analyst 
(if  data  value  is  non-existent  within  the  MMSB  databank). 


Invoking  the  "Query"  button  in  the  MS  form  (shown  in  Figure  5b),  opens  the  MS  Query  panel,  shown 
in  Figure  fib.  The  query  is  "constructed"  (operator  panel  assistance)  to  describe  the  design  criteria  that 
identifies  acceptable  material  conditions.  The  query  form  lists  all  available  types  of  materials 
information,  and  requires  no  knowledge  of  database  terminology  or  programming.  The  user  can  select 
the  desired  units  system  to  represent  the  material  property  data,  as  shown  in  Figure  7a  (soft  template 
units  file  provided  for  customized  units  definitions).  P3MS  is  not  restricted  to  special  databanks  with 
specific  property  (attribute)  names,  but  rather  works  on  any  MMSB  databank.  The  key  to  this  flexibility 
is  the  pro,  erties  mapping  form,  Figure  7b,  where  each  P3/PA1'RAN  material  property  is  associated  with 
its  MMSB  counterpart.  The  mappings  can  be  modified,  saved  and  recalled.  The  mappings  work  in 
combination  with  all  ADP2  simulation  module  preferences,  and  all  other  P3/PATRAN  supported 
solvers. 


ADP2  Database  Requirements  and  Implementation 

Although  serving  the  transparency  design  community  well  for  many  years,  MIL-HDBK-17A,  Part  D, 
[8]  was  last  updated  in  1977,  to  reflect  major  changes  in  material  utilization  required  by  evolving  birdstrike 
design  requirements  [2],  Today's  transparency  systems  are  not  only  faced  with  the  evolving  design 
requirements  shown  in  Figure  1,  but  with  evolving  design  and  manufacturing  concepts,  as  well  as  vastly 
improving  analytical  simulation  tools.  A  key  to  successfully  meeting  all  these  evolving  design,  manufacturing, 
analysis,  testing  and  supportability  requirements  is  the  development  of  expanded  materials  and  processes 
informadon  databases,  fully  integrated  into  a  design- to-manufacture  software  environment,  such  as  that 
provided  by  the  ADP2  system. 

Figure  8  summarizes  the  specific,  databases  defined  for  the  ADP2  system,  to  meet  all  of  the 
aforementioned  transparency  system  evolving  requirements.  Critical  database  design/support  issues  for  the 
CAE  design  database  are  summarized  below: 

•  Must  support  multiple  material  types  (i.e.,  plastics,  composites,  metals,  ceramics,  elastomers,  etc.) 

•  Must  support  muldple  CAE  user  requirements  (i.e.,  mechanical,  thermal,  optical,  electrical,  etc.) 

»  Must  support  automated,  electronic  input,  synthesis,  and  storage  of  raw  test  data  (i.e.,  load-rime, 
strain-time,  etc.) 

•  Must  support  standard  property  data  (i.e.,  D3039  tensile  test,  etc.) 

•  Must  provide  access  to  a  variety  of  data  sources  (i.e..  Military  handbooks.  Producers  data  sheets, 
ADP2  test/computed,  etc.) 

•  Must  provide  for  modeled  material  properties  (i.e.,  Rule-of-Mixtures,  Lamination  Theory, 
synthesized  clastoplastic/rate  sensitive  relationships,  etc.) 

•  Must  provide  a  database  schema  that  supports  relations  for  typing,  designating,  describing,  the 
testing  of,  and  the  definition  of  material  properties  and  material  responses. 

The  CAE  Design  database  schema,  shown  in  Figure  9,  has  been  implemented  and  lightly  populated  for  the 
ADP2  System’s  rapid  prototyping  code  development  effort.  Figures  10  and  11  show  examples  of  MMSB  GUI 
displays  of  CAE  Design  database  information  which  was  instantiated.  The  "Report  Window"  (right-most 
vertical  form)  presents  a  continuous  update  of  all  higher  level  relations'  picks. 

The  Transparency  Processing  database  must  provide  information  (knowledge  base)  for  frameltss 
transparency  design  and  •  levelopment  that  includes  process  (injection  molding)  optimization,  material  property 
identification/classification,  and  processing  data  archiving.  The  Transparency  Processing  database  schema  must 
address  the  following  ADP2  issues: 

•  Promote  information  transfer  from  processing  site  (data,  metadata,  footnotes) 

•  Bridge  information  to  die  CAE  Design  database 

•  Allow  for  expansion  (i.e.,  relations,  attributes,  etc.) 

The  Transparency  Processing  database  schema,  shown  in  Figure  12,  has  been  defined  and  lightly  populated  for 
the  ADP2  System's  rapid  prototyping  code  development  effort.  Figure  13  shows  examples  of  MMSB  GUI 
displays  of  Transparency  Processing  database  information  which  was  instantiated.  The  "Report  Window" 
(right-most  vertical  form)  presents  a  continuous  update  of  all  higher  level  relations’  picks. 

The  Transparency  Test  and  Logistics  Support  database  schemas  (i.e.,  relations  and  associated  attribute 
lists)  axe  under  review  at  the  present  time,  and  will  be  implemented  wititin  the  ADP2  System's  rapid  prototype 
code  development  effort.  The  highest  relation  level  for  both  of  these  additional  databases  might  be  more 
appropriately  defined  using  transparency  designation  information,  such  as  canopy  type  (F16A),  construction 
(injection  molded),  etc.,  where  specific  material  designations  are  defined  in  lower  relations.  Again,  consistent 
attribute  naming  for  material  designations  will  accommodate  a  conforming  materials  "finger  print"  throughout  all 
ADP2  database  information. 


Tne  Transparency  Test  database  must  support  the  following  information  requirements: 

•  Access  to  data  to  validate  simulation  module(s)  analytical  predictions 

«  Access  to  data  that  provides  design  guideline  information  for  new  design  concept  definitions 

•  Access  to  data  to  verify  or  define  supportability/maintainability  requirements  and/or  limits 

The  Logistics  Support  database  should  be  configured  to  support  the  decision  making  process  (i.e., 
maintain,  repair  or  replace)  for  each  individual  aircraft  transparency.  Each  transparency  should  have  its  own 
service-life  record  stored  in  this  database,  that  contains  on-going  inspection  data  (i.e.,  NDE  images,  aging 
surveillance  reports,  etc.),  environmental  exposure  data,  repair  history  data,  etc.  This  type  of  logistics 
information  can  provide  qualitative  data  needed  to  complete  "in-service"  transparency  system  analytical 
evaluations.  As  logistic  support  criteria  are  defined  for  transparency  replacement,  the  particular  inspection  data 
requirements,  test  procedures  (i.e.,  modal  surveys,  etc.),  analysis  margin  prediction  levels,  fatigue  life 
estimates,  etc.,  can  be  stored,  accessed  and  updated  periodically.  Once  a  transparency  is  replaced,  it  could  be 
used  for  further  testing  and  analysis  correlations  (i.e.,  birdstrike),  with  the  test  results  stored  in  the 
Transparency  Test  database  and  used  to  establish  service-life  reductions  in  transparency  design  allowable  bird 
impact  velocities.  The  retired  transparency  tests  could  also  include  "aged"  material  property  characterization 
testing  (stored  in  CAE  Design  database  with  "AGE"  attribute  defined),  local  attachment  detail  subeiement  tests 
and  hill-scale  durability  testing  (stored  in  Transparency  Test  database). 

Automated  Spreadsheet  Procedures  to  Input,  Reduce  and  Store  Test  or  Processing  Data 

Figure  14  summarizes  the  hierarchy  of  structural  property  characterization  test  parameters  typically 
considered  in  support  of  birdstrike  analytical  assessments.  Fundamental  test  data  quantities  (force, 
displacement,  strain,  etc.)  are  measured  as  a  function  of  time,  as  well  as  geometric  data.  The  data  is  acquired 
digitally  and  stored  as  columns  of  ASCII  text  data.  From  these  data,  derived  quantities,  such  as  stress-strain  or 
pressure-volume  curves  are  constructible  for  each  specimen. 

A  customized  MMSB  spieadsheet  was  designed  and  developed  for  ADP2  to  support  the  automated, 
electronic  data  input,  reduction  and  storage  requirements,  outlined  in  Figure  14,  for  the  abridged  an  reduced 
fundamental  test  data  (i.e.,  force  versus  time,  strain  versus  time,  etc.).  The  procedures  followed  by  this 
example  illustrate  a  computerized  data  exchange  paradigm  that  will  be  utilized  for  other  ADP2  system 
requirements  (i.e.,  injection  molding  processing  data  import,  synthesis  and  storage  procedures  for  the 
Transparency  processing  database). 

Figure  15a  shows  a  simplified  spreadsheet  layout  schematic  of  this  customized  MMSB  spreadsheet,  and 
Figure  15b  shows  the  specific  reduction  parameters  provided  for  input  to  cells  B6  through  B 10.  The  piecewise 
linear  curves  shown  in  Figure  15b  typify  the  type  of  fundamental  test  data  to  be  input,  reduced  and  stored. 
Figures  16  and  17  show  selected  portions  of  this  customized  spreadsheet  with  instantiated  example  values  input. 
This  spreadsheet  provides  The  following  specific  functionality: 

•  Cells  B2:L2  —  ASCII  input  file  name  designations  that  contain  the  text  descriptions 

(testJnfo_specific.dat)  and  data  points  (i.e.,  specimenl_e.dat)  acquired 
digitally  during  testing. 

•  Cells  A4JB12  —  Input  quantities  (user  typed)  that  define  the  specific  "Master  Curve"  type 

(i.e.,  strain  versus  time,  F.PS1 1  VSt)  the  number  of  specimens  (3)  to  be 
input  reduced  and  the  reduction  parameter  values,  shown  in  Figure  15b 
(3,le-6, 0.01,300, 0,2e -6,5, 100). 

•  Cells  A20:B64  —  Attribute  designations  and  instantiated  values  (i.e..  Type  of  Material  = 

Plastic)  for  the  test  series  being  input,  as  input  automatically  from  the 
text  description  file,  whose  name  is  input  in  Cell  A2. 
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•  Cells  C20:V"max"  —  Piecewise  linear  test  data  pairs  (i.e.,  (e,t))  for  "n"  specimens  (n  =  1  to 

(max  =  maximum  number  10  for  this  demonstration  spreadsheet).  Unlimited  number  of 

of  data  pairs  encountered  unabridged  data  points  accommodated.  This  data  is  automatically  loaded 

for  any  specimen)  into  the  spreadsheet  when  the  associated  test  specimen  text  data  file  is 

designated  in  one  of  the  Cells  C2:L2  (i.e.,  specimenl_e.dat  in  Cell  C2). 
At  this  time  a  curve  representation  is  generated  automatically  and  defined 
as  a  "polyline"  entity  (Cell  Cl 8)  for  the  data  points  input  (Ceil 
C21:D"a",  where  a  =  number  of  input  pairs  encountered  in  the  input 
read  function). 

•  Cells  W20:BK"a”  —  Cell  locations  associated  with  the  Remote  Procedure  Call  (RPC)  that 

(a  =  Cell  B12  Value  +  20)  accesses  the  specific  FORTRAN  code(s)  to  perform  the  shift,  clip,  and 

regression  fits  of  all  input  and  abridged  test  specimen  data  pair  sets 
(Cells  20:V  "max") 


•  Cells  AQ20:AZ31 

•  Cells  BA20:BK"a" 

•  Cells  CA20:CG"a" 


—  Second  order  regression  fit  equation  coefficients  for  all  input  specimens. 

—  Fitted  test  data  at  Cell  B 1 1  increments  up  to  Cell  B 1 2  upper  limit  value. 

—  Averaged  data  set  from  all  specimen  sets  input,  and  standard  deviation 
data  set. 


•  Cells  C5:D14  —  Database  "put”  function  directives  that  automatically  instantiate  the 

opened  database  with  the  data  contained  by  is  argument  list 
designations.  Up  to  ten  (10)  specimens  possible,  including  specimen 
average  and  standard  deviation  sets,  also. 


In  summary,  the  spreadsheet  user  first  inputs  the  ASCII  data  file  names  (B2:L2)  and  then  the  nine  (9) 
input  quantities  in  Cells  B4:B12.  He  then  selects  and  invoke.,  the  RPC  function  in  Cell  W20,  and  lastly  selects 
and  invokes  the  database  "put”  directives  in  Cells  D5:D14,  to  load  all  abridged  data  sets  (Cells  W20:AP"a")  and 
fitted  data  sets  (BA20:BK"a",  CA20:CG"a")  into  the  database.  The  user  may  cycle  through  the  shift/clip/fit 
process  as  many  times  as  he  desires  (changing  the  values  in  Cells  B6  through  B12),  before  invoking  the  "put" 
function  commands,  based  on  his  visual  inspection  of  the  spreadsheet  "polyline"  sets  iiiusiraied  in  figure  i»a. 
Once  the  user  has  obtained  the  desired  data  reductions,  and  the  data  is  then  stored  in  the  database,  it  can  be  called 
up  and  displayed,  as  shown  in  Figure  18b,  with  its  full  "Report  Window"  pedigree  shown. 


Further  customized  spreadsheet  development  is  planned  for  ADP2  to  support  property  synthesis 
procedures,  as  summarized  pictorially  in  Figure  19.  Master  curves  from  selected  material/temperature 
combinations  and  from  available  nominal  strain  rates  will  be  loaded  into  the  customized  spreadsheet,  from  the 
CAE  Design  database.  Finite  element  analysis  results  can  be  imported  into  the  spreadsheet  from  an  ADP2 
simulation  module  (X3D)  configuration  if  necessary.  RPC  access  to  material  property  synthesis  FORTRAN 
codes  will  be  accomplished  from  within  the  spreadsheet.  The  RPC  function  will  return  an  updated  set  of  X3D 
analysis  properties  to  be  stored,  by  the  spreadsheet  ("put"  commands),  in  the  CAE  Design  database.  These 
synthesized  analysis  properties  will  be  selected  (P3MS)  by  the  X3D  simulation  module  user  to  complete  the 
FEA  birdstrike  analyses.  Figure  20  illustrates  the  basic  scheme  for  the  RPC  synthesis  routines.  It  is  essentially 
a  function  minimization  procedure,  in  which  the  function  is  an  error  quantity  arrived  at  by  comparing  analytically 
generated  stress-strain  curves  to  stress-strain  test  data.  The  analysis  consists  of  calculating  stresses  (using  the 
new  material  model)  from  strains  recorded  in  the  material  test,  or  generating  stress-strain  curves  from  a  full  X3D 
analysis  of  the  material  test.  An  initial  guess  at  the  materia!  properties  is  input  to  the  routine.  Strain  rate  (or 
displacement  rate)  data  from  the  master  curves  is  used  to  run  an  analysis  of  the  material  tests  and  compute  a 
stress  strain  curve.  This  curve  is  compared  to  the  stress-strain  test  data  from  the  master  curves.  If  the  error 
between  the  two  is  acceptably  small,  the  properties  input  to  the  analysis  are  correct,  and  are  stored.  If  not,  new 
trial  properties  are  computed,  and  the  cycle  repeated  until  correct  properties  are  obtained. 


Computerized  Materials  and  Manufacturing  Process  Needs 

The  computerization  of  materials  data  clearly  requires  careful  attention  to  standards  to  control  (quality 
issue)  and  communicate  material.-,  and  manufacturing  process  data.  ASTM  and  other  standards  organizations, 
such  as  the  International  Standards  Organization  (ISO),  are  continuing  to  promote  and  develop  new  data 
exchange  standards,  like  the  Standard  for  the  Exchange  of  product  Data  (STEP).  STEP  provides  a  mechanism 
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for  sharing  product  data,  including  data  specific  to  materials  and  manufacturing  process  information  needs.  The 
transparency  design-to-manufacture  community  needs  to  be  aware  of  STEP,  and  plan  for  its  acceptance  and  use. 
This  means  supporting  and  promoting  the  definition  and  implementation  of  application  protocols  (AP)  that 
explicitly  deal  with  the  problem  of  representing  and  exchanging  product  data  within  the  transparency  design 
community  and  between  software  systems  (tools)  that  use  them.  Also,  it  means  becoming  familiar  with  the 
information  modeling  language,  EXPRESS,  which  is  used  for  all  STEP  standards. 

Without  a  common  data  exchange  format,  specialized  translation  programs  must  be  continually  written  to 
meet  the  format  requirements  of  all  programs  that  must  share  the  data.  Consequently,  if  a  materials  database 
must  be  interfaced  with  several  COTS  software  packages  (or  systems)  a  considerable  effort  must  be  extended. 
If,  however,  one  common  neutral  forma,  such  as  the  STEP/EXPRESS  standard,  is  used,  then  only  one 
translation  program  would  be  necessary  to  translate  the  data  into  and  out  of  the  neutral  format.  Other  software 
can  then  access  the  data  through  their  own  specific  translation  codes.  It  should  be  the  goal  of  the  transparency 
community  to  support  and  promote  standards  for  data  exchange.  The  benefits  to  be  gained  are  enormous  and 
lasting. 


CONCLUSIONS 

Computerized  materials  and  manufacturing  process  data  requirements  have  been  defined  and 
implemented  within  the  ADP2  transparency  design  software  system.  Commercial  off-the-shelf  (COTS) 
software  tools  have  been  used  exclusively,  to  define,  construct,  and  load  the  necessary  database  schemas,  to 
support  complete  automated,  electronic  data  exchange  (customized  spreadsheets,  materials  information  selector 
module,  ADP2  executive  control  utilities  (PCL  based),  etc.),  and  to  support  material  property  data  modifications 
and  databank  updates.  The  updates  are  based  on  improved  correlations  with  actual  test  results  (RPC  FORTRAN 
code  access  from  within  a  customized  spreadsheet  environment).  Continued  instantiation  of  the  defined 
databanks  and  continued  implementation  of  PDES/STEP  standards  for  data  exchange  are  the  primary  tasks  still 
ahead  for  the  evolving  ADP2  system. 
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Figure  2.  Computerized  Materials  Data  in  the  ADP2  Architecture 
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Figure  4.  P3/MATERiAlS  SELECTOR  Form  Driven  Graphical  User  Interface  Used  in  ADP2 
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Figure  5.  P3MS  Material  Selection  Features 
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Figure  7.  P3MS  Database  Units  and  Attribute  Mapping  Template  Functionality 


Figure  8.  ADP2  Database  Requirements 
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Figure  9.  CAE  Design  Database  Schema  Relations  And  Attribute  Examples 
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Figure  10.  MMSB  CAE  Design  Database  Relations,  Attributes, 
and  Tabular  Data  Example  Display 
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Figure  11.  iWMSB  CAE  Design  Database  Curve  Data  Example  Display 
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Figure  12.  Transparency  Processing  Database  Schema  Relations 
And  Attribute  Examples 
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b)  Customized  Spreadsheet  Input  Reduction  Parameters 


Figure  15.  Customized  MMSB  Spreadsheet  Used  To  Input,  Reduce, 
And  Store  Fundamental  Test  Data 
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Figure  16.  Customized  MMSB  Spreadsheet  Region  Used  to  Input  Data 
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Figure  17.  Customized  MMSB  Spreadsheet  Region  Used  to  Invoke  RPC  Function 
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e  2C.  Scheme  For  the  Property  Synthesis  Procedures  Accessed  By  the  Customized  Spreadsheet 

"RPC"  Function  Noted  in  Figure  19 
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ABSTRACT 


A  combined  experimental  and  analytical  program  to  validate  analytical  tools  and 
procedures  used  for  bird  impact-resistant  design  of  the  F-22  canopy  system  is  described.  The 
program  utilizes  the  prototype  YF-22  canopy  system  as  the  baseline  for  validation  of  FEA  (finite 
element  analysis)  models  used  for  "bird-proof"  design  of  the  production  F-22  canopy  system. 
MAGNA  and  X3D  analysis  of  the  YF-22  canopy  system  are  described  and  compared.  Test 
setup  and  plan  for  bird  impact  testing  of  the  prototype  canopy  system  are  then  presented.  The 
results  of  the  analyses,  including  deflection,  plastic  strain,  and  reaction  loads,  will  be  compared 


with  tuc  test  results. 


The  finite  element  models  will  be  tuned,  if  necessary',  to  better  reproduce 


the  test  behavior.  The  lessons  learned  in  tuning  the  YF-22  models  will  be  incorporated  into  the 


models  utilized  in  the  design  and  analysis  of  the  production  F-22  canopy  system. 


INTRODUCTION 

The  YF-22  aircraft  (Figure  1)  brings  together  many  advanced  technologies  in  providing 
the  USAF  with  a  prototype  of  the  next  generation  of  air  superiority  fighter  aircraft.  The  aircraft 
features  state-of-the-art  technologies  including  "supercruise”  (supersonic  flight  without 
afterburner),  vectoring  thrust  for  greater  maneuverability,  and  reduced  radar  signature.  The  YF- 
22  canopy’s  single  piece  elongated  bubble  shape  is  similar  in  concept  to,  but  larger  than,  the  F- 
16  canopy.  The  canopy  is  monolithic  polycarbonate  of  nominal  (prior  to  forming)  0.75  inch 
thickness. 

As  the  aircraft  design  nears  its  final  configuration,  canopy  design  refinements  to 
incorporate  the  very  latest  technologies  are  anticipated.  Prior  to  incorporation  of  design 
refinements,  however,  validation  of  analytical  tools  to  be  used  in  the  redesign  must  be 
accomplished.  The  objective  of  the  effort  described  herein  is  to  validate  the  FEA  (finite  element 
analysis)  tools  and  procedures  used  for  bird  impact  design  and  analysis  of  the  F-22  production 
canopy  system.  The  approach  to  meeting  this  objective  involves  both  analysis  and  test  of  the  ?  « 
prototype  YF-22  prototype  canopy  system.  The  approach  is  to  perform  FEA  of  the  YF-22 
canopy  using  the  MAGNA  and  X3D  FEA  programs,  perform  bird  impact  testing  of  the  protoype 
canopies,  correlate  analytical  and  experimental  results,  and  tune  the  finite  element  models,  if 
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necessary,  to  better  reproduce  the  test  behavior.  The  lessons  learned  for  the  prototype  canopy 
can  then  be  applied  to  the  design  and  analysis  of  the  production  canopy  system. 


BIRD  IMPACT  ANALYSIS 

Both  MAGNA1  and  X3D2  FEA  programs  were  used  for  the  analysis.  MAGNA  utilizes 
traditional  isoparametric  element  technology,  requires  assembly  and  solution  of  global  stiffness 
and  mass  matrices,  utilizes  Newmark  time  integration  (resulting  in  unconditional  solution 
stability),  and  includes  piece-wise  linear  uniaxial  plastic  stress-strain  behavior.  X3D  uses 
"simple"  elements  (linear  displacement,  constant  stress  elements),  employs  single-point 
integration  stabilized  with  anti-hourglassing  forces,  utilizes  explicit  central  difference  time 
integration  (which  results  in  conditional  stability  but  forgoes  assembly  of  global  stiffness  and 
mass  matrices),  provides  a  number  of  advanced  material  models  including  strain  rate  sensitive 
plasticity  and  viscoelasticity,  allows  for  direct  modeling  of  the  bird,  and  provides  for  element 
and  ply  failure. 

Figure  2  shows  the  MAGNA  finite  element  model.  The  MAGNA  model  consisted  of  545 
20-node  solid  elements  representing  the  canopy  and  aft  cockpit  bulkhead  and  65  3-node  beam 
elements  representing  the  perimeter  frame,  resulting  in  4106  nodes  and  12,826  degrees  of 
freedom.  Boundary  conditions  were  applied  along  the  centerline  to  enforce  symmetry  and  at  five 
locations  along  the  sill  to  represent  the  canopy  assembly  latch-down  hooks.  Additional  beam 
elements  linked  the  nodal  rotations  of  the  perimeter  beam  elements  to  the  nodal  translations  of 
the  solid  elements.  Table  1  presents  the  elastic-(piecewise-linear)  plastic  material  properties 
which  were  used  to  describe  the  polycarbonate.  Bird  loads  were  estimated  prior  to  FEA  based 
on  rigid  target  pressure  data  and  applied  via  user  subroutines.3  The  loading  was  conservative 
in  that  no  lateral  spreading  of  the  bird  was  allowed,  thereby  concentrating  the  loads  over  the 
projected  area  of  the  bird  onto  the  canopy.  The  peak  pressure  point  was  assumed  to  remain 
fixed  at  the  point  of  initial  bird-canopy  contact  (the  pressure  dropped  linearly  from  this  point 
to  the  farthest  point  away  in  the  bird  footprint).  A  correction  to  the  load  was  made  in  the  user 
subroutines  to  account  for  the  change  in  impact  angle  due  to  deformation  of  the  canopy.  Figure 
3  presents  the  bird  load  (before  impact  angle  correction)  and  loaded  area.  The  combined 
Newton-Raphson  iteration  scheme  (two  full  Newton  iterations  followed  by  constant-stiffness 
iterations)  was  used,  with  iteration  being  performed  at  every  fifth  time  step. 

The  X3D  model  shown  in  Figure  4  consisted  of  1520  4-node  plate  elements,  resulting 
in  1620  nodes  and  9203  degrees  of  freedom.  The  bird  was  represented  by  a  4.2  in  DIA  x  8.4 
in  long  cylinder  consisting  of  1920  tetrahedral  elements,  561  nodes,  and  approximately  1500 
degrees  of  freedom.  Boundary  conditions  enforced  symmetry  along  the  centerline  of  the  canopy 
and  bird.  The  frame  was  simulated  by  boundary  conditions,  either  all  fixed  or  all  pinned, 
around  the  canopy  perimeter.  The  polycarbonate  was  represented  by  a  bilinear  elastic-plastic 
stress-strain  curve,  with  the  yield  point  stress  being  a  function  of  the  strain  rate.  The  bird  was 
♦  i  represented  by  an  elastic-plastic  material  with  discontinuous  pressure-volume  behavior.  The 
material  models  and  properties  are  given  in  Table  2  and  3. 

To  date,  analyses  have  been  performed  to  investigate  the  following  parameters:  1)  X3D 
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bird  strength;  2)  X3D  perimeter  boundary  conditions;  and  3)  bird  impact  location.  The  analyses 
and  results  are  discussed  below. 


X3.P  ftbyndary  Conditions 

A  simple  approach  for  modeling  of  the  perimeter  frames  was  tried  for  the  X3D  analyses. 
Rather  than  extensively  model  the  frame  with  finite  elements,  boundary  conditions  were  tried. 
Two  cases  were  run:  all  fixed  or  all  pinned  around  the  perimeter.  The  results  are  shown  in 
Figure  5  using  a  "semi-strong"  bird  (see  next  section  for  discussion  of  bird  strength)  impacting 
a  one  inch  thick  canopy.  Virtually  identical  peak  deflections  and  plastic  sixains  (4%  fixed,  3.9% 
pinned)  were  obtained.  Thus  the  perimeter  boundary  conditions  in  the  X3D  model  are  a 
sufficiently  accurate  representation  of  the  frame  for  capturing  the  canopy  centerline  behavior. 
(On  the  other  hand,  obtaining  accurate  support  reactions  will  require  a  more  realistic  simulation 
of  the  edge  support.)  Pinned  conditions  were  chosen  for  all  subsequent  analyses. 

X3D  Bird  Strength 

The  X3D  bird  material  model  describes  both  the  bulk  and  shear  behavior  of  the  bird 
material.  The  shear  strength  has  been  found  to  have  a  major  influence  on  bird  behavior  and 
canopy  response,  necessitating  a  parametric  study  of  this  value.5  "Weak,"  "semi-strong,"  and 
"strong"  birds  (Table  3)  were  analyzed.  Figures  6  and  7  present  a  series  of  deformed  geometry 
plots  for  "weak"  and  "semi-strong”  birds.  The  "weak"  bird  elements  failed  early  in  the  impact 
event,  while  most  of  the  "semi-strong”  bird  elements  remained  intact.  Note  that  though  elements 
fail  and  their  stiffness  is  dropped  from  the  solution,  the  nodes  (dots  in  Figures  6  and  7)  and  their 
mass  were  free  to  move  and  contact  the  canopy,  transferring  momentum.  Figure  8  shows  the 
effects  of  the  "weak"  and  "semi-strong"  birds  on  peak  canopy  deflection.  Table  4  summarizes 
the  peak  deflection  values  and  includes  peak  plastic  strain  values  (see  Figure  9  for  a  typical 
plastic  strain  plot).  Also  included  in  Figure  8  and  Table  4  are  the  results  for  the  MAGNA 
analysis.  Both  the  MAGNA  peak  deflection  and  peak  strain  values  are  bounded  by  the  X3D 
results  for  the  "weak'’  and  "semi-strong"  birds.  The  shift  in  peak  deflection  times  for  the 
MAGNA  and  X3D  runs  was  due  to  the  difference  in  bird  loading  models:  the  X3D  model 
permitted  sliding  of  the  bird  along  the  canopy,  so  that  peak  deflection  occuired  farther  aft  and 
therefore  later  in  time  for  X3D  compared  to  MAGNA.  The  use  of  the  "semi-strong"  bird  was 
conservative  compared  to  the  MAGNA  bird  loads. 

bm, impact  Location 

This  effort  was  performed  to  ascertain  the  "worst-case"  centerline  bird  impact  location. 
Six  different  locations  were  chosen  for  analysis,  as  shown  in  Figure  10.  Output  data  of  interest 
were  peak  deflection,  deflection  at  the  HUD  location,  peak  plastic  strain,  and  plastic  strain  at 
the  HUD  at  the  instant  of  initial  canopy-HUD  contact.  Results  are  summarized  in  Table  5.  The 
results  indicate  that  impact  at  Site  E  maximized  the  deflection  and  strain  at  the  HUD.  The  high 
deflection  at  the  HUD  location  indicates  that  high  canopy-HUD  contact  forces  will  be 
encountered.  Impact  Site  E  was  therefore  chosen  as  the  impact  site  for  future  bird  impact  testing 
of  the  YF-22  canopy  system.  Additional  analyses  are  being  considered  to  include  the  HUD 
model  and  therefore  the  interaction  between  the  canopy  and  HUD.  Such  complex  contact 
analysis  has  proven  difficult  in  the  past  using  MAGNA  (time  steps  become  too  small  for  efficient 
solution),  but  has  been  performed  successfully  using  X3D.5 
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Computer  Resources 

The  MAGNA  analysis  was  conducted  on  the  ASD/WPAFB  CRAY  X-MP/28  (two 
processors,  8  megawords  =  64  MB  memory).  To  speed  throughput,  the  analysis  was  split  into 
„  four  medium-sized  jobs,  thereby  permitting  use  of  a  higher  priority  queue.  The  X3D  runs  were 

performed  on  the  ASD/WPAFB  EASE  SS2  SUN  SPARCstation  10  workstation.  Usage  of  the 
Sun  Server  was  much  heavier  than  the  CRAY.  Run  times  and  storage  requirements  are 
summarized  in  Table  6.  MAGNA  iun  mag02c  was  run  to  6.8  msec.  Time  step  size  for  mag02c. 
«  started  at  50  /tsec,  switching  to  100  /'.sec  after  the  bird  load  was  gone.  All  X3D  analyses  were 
run  to  10  msec.  In  contrast  to  MAGNA,  the  average  X3D  time  step  size  was  2.7  /zsec, 
characteristic  of  the  need  to  maintain  stability  of  the  explicit  time  solution.  Printed  MAGNA 
output  was  obtained  for  every  other  time  step.  Printed  output  and  restart  file  for  X3D  were 
obtained  at  0.5  msec  steps  (approximately  every  185  time  steps).  Disk  storage  space 
requirements  for  MAGNA  were  high  primarily  because  the  results  file  was  in  ASCII  format  and 
also  because  a  separate  restart  file  was  generated.  X3D  combines  results  and  restart  information 
into  a  single  binary  file.  Note  that  without  a  judicious  choice  of  output  frequency,  X3D  could 
easily  generate  an  order  of  magnitude  more  output  than  MAGNA  simply  because  so  many  time 
steps  are  required  for  a  solution. 

Considering  the  differences  in  computer  workload,  solution  time,  and  computer  charges 
(the  CRAY  required  payment  for  use  while  the  workstation  did  not),  and  considering  the  need 
to  divide  the  MAGNA  job  into  medium-sized  jobs  (with  attendant  need  for  file  management  and 
job  resubmittal),  the  bird  impact  simulation  using  the  X3D  program  on  a  UNIX  workstation 
provided  a  competitive  alternative  to  performing  this  task  using  an  implicit-formulation  program 
on  supercomputers. 


BIRD  IMPACT  TESTING 


Preparations  are  in  progress  for  performing  the  bird  impact  tests.  A  rigid  stand  was 
constructed  to  which  the  canopy/frame  assembly  will  be  attached.  Attachment  is  via  the  canopy 
system  latching  hooks  and  pivot  hinge,  thereby  simulating  the  actual  installation  on  a  fuselage. 
Triangulation  of  points  marked  on  the  canopy  and  recorded  by  high  speed  (5000  frames/sec) 
movie  cameras  during  the  bird  impact  tests  will  provide  canopy  deflection  data.  Strain  gages 
will  be  applied  in  back-to-back  pairs  along  the  inside  and  outside  of  the  perimeter  fairing  to 
monitor  the  load  being  transmitted  by  the  canopy  into  the  frame.  Strain  gages  will  also  be 
applied  to  the  canopy  hinge  structure  and  HUD  to  determine  the  hinge  and  HUD  reactions. 
The  first  shot  will  be  conducted  without  a  HUD  to  provide  the  simplest  case  for  collecting 
canopy  deflections,  while  the  second  will  be  conducted  with  a  HUD  to  determine  the  canopy- 
HUD  interaction.  The  deflection  and  reaction  results  will  be  correlated  with  the  finite  element 
results  to  provide  a  check  on  FEA  parameters  such  as  bird  strength. 


*  *  SUMMARY 

A  program  to  validate  the  FEA  tools  and  procedures  to  be  used  for  design  of  the 
production  F-22  canopy  system  has  been  initiated.  The  program  utilizes  the  prototype  YF-22 
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canopy  as  the  test  bed  for  the  validation.  MAGNA  and  X3D  FEA  models  have  been 
constructed.  To  date,  the  models  have  been  analyzed  for  bird  strength,  boundary  conditions, 
and  bird  impact  location.  Additional  X3D  analyses  which  incorporate  the  HUD  and  account  for 
thinning  of  the  canopy  due  to  forming  are  being  considered. 

The  test  program  to  validate  the  FEA  results  is  underway.  A  rigid  stand  to  support  the 
canopy  assembly  has  been  designed  and  constructed.  Bird  impact  tests  will  be  performed  with 
and  without  the  HUD.  The  FEA  will  be  correlated  with  the  test  results  and  the  models  tuned 
(e.g.,  adjust  boundary  conditions  or  bird  strength)  as  necessary  to  better  simulate  the  tests.  The 
lessons  learned  will  be  applied  to  the  use  of  FEA  in  the  design  of  the  production  F-22  canopy. 
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Figure  3.  MAGNA  Bird  Load  History  and  Distribution. 
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IMPACT  CONDITIONS: 

■FS  310.636,  WL  135.192,  BLO 

■  400  Ms,  4  lb  bird 
-No  HUD 

■  1.00  inch  thick  canopy 


Time  (msec) 


Run  ii(03' - RunatlW 


Figure  5.  Effect  of  Boundary  Conditions  on  X3D  Peak  Deflections  (1  in  Thick  Canopy) 
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Figure  8.  Effect  of  X3D  Bird  Strength  on  Peak  Canopy  Deflection. 
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Table  5.  MAGNA  Model  Polycarbonate  Mechanical  Poperties. 


E  —  Young’s  tensile  modulus  =  324,000  psi 
v  =  Poisson’s  ratio  —  0.38 
p  =  Density  =  0.043  lb/in3 
Plastic  stress-strain  curve: 


Stress 

Strain 

(in/in) 

Plastic  Strain 
(in/in) 

Comments 

6,353 

0.0195 

0.0000 

Yield  Point 

8,061 

0.0262 

0.0066 

9,392 

0.0450 

0.0254 

9,700 

0.2696 

0.2500 

10,043 

0.5196 

0.5000 

Break  Point  (50% 

Strain 

10,728 

1.0196 

1.0000 

Extra  point  so 

MAGNA  will  not  "fall 
off  end  of  curve 

Note:  These  properties  from  Reference  4. 


Table  EL  X3D  Model  Polycarbonate  Mechanical  Properties. 


Elastic-Plastic,  Rate-Sensitive  Isotropic 


E  --  Young’s  tensile  modulus  =  325,000  psi 
u  =  Poisson’s  ratio  =  0.39 


p  =  Density  =  0.043  lb/in3 
<ry°  =  quasi-static  yield  =  7140  psi 
H  =  hardening  slope  =  36,100  psi 


D  =  inverse  of  rate  sensitivity  scale  factor  =  196,500 
p  =  inverse  of  rate  sensitivity  exponent  =  12 
<TuU  —  ultimate  stress  =  13,000  psi 

where  cy  -•=  <ry°[l  +  (d/D)(1/P>j 
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Table  m.  X3D  Bird  Material  Model. 


Material  Model:  Elastic-Plastic  with  Discontinuous  Pressure-Volume 
Behavior 

p0  =  initial  density  =  0.0343  lb/in3 

K1  =  linear  bulk  coefficient  =  337,000  psi 

K2  =  quadratic  bulk  coefficient  =  729,000  psi 

K3  =  cubic  bulk  coefficient  =  2,020,000  psi 

G  =  shear  modulus  =  30,000  psi 

a  =  yield  strength  =  3000  psi 

H  =  hardening  slope  =  300  psi 

°uit  =  ultimate  strength  =  3000,  3100,  or  3500  psi 

(corresponding  to  "weak,"  "semi-strong,"  "strong") 

where  p  =  i  =  1,2,3,  p  =  pressure,  rj  =  p/p0~  1 


Table  IV.  Effect  of  X3D  Bird  Strength  on  Canopy  Response. 


Canopy  =  0.75  in  thick  YF-22 
Boundary  Conditions  —  pinned 
Impact  Location  =  WL  135.192,  BL  0 
Bird  Mass  =  4  pounds 
Bird  Velocity  =  350  knots 


Bird  Strength 
(psi) 

Run 

I.D. 

Peak 

Deflection 

(in) 

Peak  Plastic 
Strain 
(percent) 

3000  (Weak) 

atf05 

2.9 

3.0 

3100  (Semi-Strong) 

atf06 

4.6 

8.9 

MAGNA 

mag02c 

3.8 

3.3 
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Table  V.  Effect  of  Impact  Location  on  Canopy  Response. 


Canopy  -  0.75  in  thick  YF-22 
Boundary  Conditions  =  pinned 
Bird  Mass  =  4  pounds 
Bird  Velocity  =  350  knots 
Bird  Strength  ~  3100  psi 


Impact 

Site 

Run 

I.D. 

Peak 

Deflection 

(in) 

Peak  Plastic 
Strain 
(percent) 

Deflection 
at  HUD 
(in) 

Plastic  Strain 
at  HUD* 
(percent) 

A 

atf07 

4.1 

10.3 

0.2 

NC 

B 

atf08 

4.6 

10.2 

0.6 

NC 

C 

atf09 

4.2 

6.9 

1.2 

NC 

D 

atflO 

3.8 

6.0 

2.3 

2.3 

E 

atfll 

5.0 

6.8 

5.0 

3.9 

F 

atfl2 

2.6 

3.9 

1.5 

NC 

1  1 

mag04b 

3.8 

3.4 

TBD 

TBD 

*  At  instant  when  canopy/HUD  contact  would  first  occur. 
**  MAGNA  analysis. 

NC  =  No  Contact  between  HUD  and  canopy. 

TBD  =  To  Be  Determined. 


Table  VI.  Typical  Computer  Resources  Requ.red  for  MAGNA  and  X3D. 


Run  ID 

No, 

Time 

Steps 

Total  Run 
Time 
(msec) 

CPU 

Time 

(sec) 

Wall  Clock 
Time 
(hrs) 

Memory 

(MB) 

Disk* 

(MB) 

MAGNA 

(mag02c) 

90 

6.8 

386 

3 

11.4 

235 

X3D 

(atfOl) 

3678 

10.0 

N/A 

9 

N/A 

20 

“Disk  space  required  to  store  all  output  >  * 

N/A  =  Not  Available 

MAGNA  run  on  CRAY,  X3D  on  SUN  workstation;  see  text  for  description  of  computers. 
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Abstract 


In  its  1986  report,  Selection  and  Use  of  Hazardous  and  Toxic  * 
Materials  in  the  Weapons  System  Development  and  Acquisition  ’ 

Process,  the  United  States  Air  Force  Scientific  Advisory  Board 
noted  that  the  extensive  use  of  hazardous  materials  during  the 
development  and  maintenance  of  weapons  systems  must  be  curtailed 
to  reduce  costs  associated  with  the  generation  of  hazardous 
wastes  and  improve  workforce  health  and  safety.  With  the 
Department  of  Defense  Directive  4210.15,  Hazardous  Material 
Pollution  Prevention  (July,  1989),  the  concept  was  extended  to 
consider  the  entire  life-cycle  of  systems  through  avoiding  or 
reducing  the  use  of  hazardous  materials  during  the  acquisition 
process . 

The  Air  Force  has  developed  a  Hazardous  Materials  Life  Cycle 
Cost  Estimator  (HM  LCCE)  that  could  be  used  for  estimating  the 
costs  of  using  hazardous  materials  during  the  lifetime  of  a 
weapons  system,  from  concept  to  disposal.  The  estimator  is  based 
on  validated  hazardous  materials  and  hazardous  waste  costs  from 
the  deployment  of  three  weapons  systems.  The  HM  LCCE  is  designed 
for  use  by  the  systems  program  offices  to  compare  hazardous 
material  alternatives  during  system  acquisitions.  The  HM  LCCE  is 
programmed  in  Ada  and  designed  for  use  on  an  IBM-compatible 
microcomputer  using  an  MS-DOS  operating  system. 

The  transparency  design  community  should  become  aware  and 
utilize,  where  appropriate,  the  existing  life  cycle  cost 
estimation  tools  and  expertise  to  reduce  the  costs  of  ownership 
that  are  related  to  hazardous  materials  during  the  design, 
production,  maintenance  and  disposal  of  aircraft  transparencies. 

Inputs  are  needed  to  refine  the  HM  LCCE  regarding  transparency 
systems . 
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INTRODUCTION 

Annually,  the  Air  Force  spends  about  $30  million  to  dispose 
of  over  20,000  tons  of  hazardous  wastes  from  over  200  installa¬ 
tions  and  facilities.  Sixty  percent  of  the  total  volume  comes 
from  depot  level  maintenance  at  the  Air  Logistics  Centers  (ALCs) . 
The  majority  of  Air  Force  hazardous  waste  results  from  mainte¬ 
nance  operations  involving:  (1)  cleaning  and  degreasing; 

(2)  protective  coating  application  and  removal;  (3) 
electroplating  and  finishing;  and,  (4)  vehicle  maintenance. 

These  requirements  for  specific  maintenance  processes  that  result 
in  hazardous  wastes  are  called  for  during  the  system  acquisition 
and  procurement  procedures?  they  are  "built  in"  during  the 
acquisition  process. 

By  1992,  the  Air  Force  had  reduced  its  generation  of 
hazardous  waste  by  56  percent  from  1987  levels  (Figure  l) , 
thereby  exceeding  the  Department  of  Defense  goal.  Much 
of  this  reduction  was  due  to  improved  waste  minimization  and 
management  initiatives.  However,  this  strategy  often  resulted  in 
shifts  of  pollution  from  one  media  to  another  (e.g.;  wastewater 
to  landfill) .  Continued  progress  in  reducing  waste  must  rely 
more  on  preventing  pollution  than  merely  managing  pollutants.  To 
accomplish  this,  systems  must  rely  less  on  the  hazardous 
materials  and  supporting  processes  must  be  developed  and 
evaluated  that  generate  less  hazardous  waste. 

In  recent  years,  hazardous  waste  minimization  initiatives 
have  focused  on  industrial  plant  end-of-pipe  controls  and 
associated  hazardous  waste  minimization  research,  development  and 
acquisition  programs.  But  end-of-pipe  controls  merely  serve  to 
contain  hazardous  waste  which  eventually  find  its  way  into  the 
environment  through  further  treatment  and  disposal . 

Additionally,  ever  more  stringent  environmental  criteria 
continually  drive  up  the  costs  of  compliance.  The  Air  Force  has 
realized  that  to  prevent  the  generation  of  hazardous  waste,  it 
must  focus  on  the  source  of  the.  waste  which  is  conceived  at  the 
earliest  phases  of  acquisition.  Source  reduction  (sometimes 
called  pollution  prevention)  is  more  desirable  than  simply 
managing  the  waste  because  it  reduces  cost  and  liability. 

PURPOSE 

The  purpose  of  this  paper  is  to  discuss  the  development  of 
a  tool  that  can  be  used  to  compare  the  life-cycle  costs  of  using 
hazardous  materials  in  the  development  and  production  of 
transparency  materials  and  enclosures.  Reducing  the  use  of 
hazardous  materials  will  ultimately  reduce  the  cost,  of  ownership 
of  transparency  systems  and  will  minimize  associated 
environmental,  occupational  health  and  safety  concerns  for  both 
the  manufacturer/vendor  and  the  Air  Force. 

POLICIES  AND  GUIDANCE 

A  1986  Air  Force  Scientific  Advisory  Board  (SAB)  report 
entitled,  "Selection  and  Use  of  Hazardous  and  Toxic  Materials  in 
the  Weapons  System  Development  and  Acquisition  Process", 
concluded  that  many  hazardous  processes  or  substances  are  built 


into  weapons  systems  early  in  the  concept  and  design  stages.  The 
SAB  report  noted  that  the  acqpj.isit.ion  process  lacks  the  technical 
expertise  to  adequately  address  hazardous  materials  issues  at  the 
Systems  Program  Offices  (SPOs) .  Basically,  the  Air  Force  needed 
a  comprehensive  program  to  identify,  evaluate  and  prevent 
pollution  throughout  the  life  of  a  weapon  system — from  production 
to  disposal. 

In  July  1989,  the  Deputy  Secretary  for  Production  and 
Logistics  approved  DoD  Directive  4210.15,  Hazardous  Material 
Pollution  Prevention  (HMPP) .  Under  this  Directive,  Defense 
Components  are  required  to  develop  HMPP  Plans  to  consider  the 
total  life-cycle  costs  associated  with  our  weapons  systems.  The 
Directive  emphasized  less  use  of  hazardous  materials  rather  than 
simply  managing  hazardous  waste.  The  Directive  provides  for  the 
selection  of  hazardous  materials  based  on  the  lowest  life  cycle 
cost  by  considering  environmental,  safety  and  occupational  health 
costs  associated  with  manufacturing,  operation,  maintenance  and 
disposal.  Subsequent  changes  to  the  DoD  5000-series  of 
acquisition  directives  in  1991  have  ensured  further  that 
environmental  concerns  are  considered  on  par  with  safety  and 
health  issues  presented  by  the  requirements  for  hazardous 
materials. 

Department  of  Defense  Instruction  5000.2,  Defense  Acquisi¬ 
tion  Management  Policies  and  Procedures,  ensures  that  system 
designs  incorporate  safety,  health  and  environmental  considera¬ 
tions  into  the  systems  engineering  process,  system  safety 
hazards  resulting  from  either  the  operation  or  support  activities 
must  be  eliminated  or  mitigated  before  Milestone  III,  Production 
Approval.  The  environmental,  safety  and  occupational  health 
concerns  associated  with  the  selection  and  use  of  hazardous 
materials  in  the  system  roust  be  evaluated  as  to  the  impacts 
associated  with  the  manufacturing,  operation,  maintenance  and 
disposal  of  the  system. 

The  Air  Force  is  committed  to  maintaining  environmental 
quality  as  an  integral  part  of  supporting  the  overall  mission  to 
fly,  fight  and  win.  Compliance  with  environmental  mandates  is  an 
issue  oi  paramount  importance ;  failure  to  comply  may  not  only 
subject  the  Air  Force,  its  commanders  and  employees  to  civil  and 
criminal  liabilities,  but  may  also  prevent  timely  accomplishment 
of  some  important  aspect  of  the  mission. 

A  joint  Air  Force  Chief  of  Staff  and  Secretary  of  the  Air 
Force  memorandum  (dated  7  January  1993)  proposed  an  action  plan 
to  meet  an  Air  Force  goal  of  reducing  hazardous  waste  generation 
to  as  near  zero  as  feasible.  The  first  objective  of  that  plan 
focused  on  reducing  the  reliance  on  hazardous  materials  during 
the  development  and  fielding  of  new  weapons  systems.  Other 
objectives  were  to  improve  inventory  control  and  identify 
opportunities  to  replace  hazardous  materials  and  processes  with 
non-hazardous  ones.  Achieving  these  objectives  will  eventually 
save  the  Air  Force  operations  and  maintenance  resources  through 
integrated  planning,  programming  and  budgeting  of  improvements  to 
the  system  acquisition  and  support  process.  The  Air  Force's 
strategies,  policies  and  regulations  reinforce  its  commitment  to 


national  environmental  values  and  will  conserve  resources. 

In  1989,  the  Air  Force  conducted  a  preliminary  study  of  the 
aircraft  systems  acquisition  process  and  to  identify  tasks  to 
reduce  the  use  and  generation  of  hazardous  materials.  A  series 
of  issues  and  tools  was  defined  that  will  improve  the 
incorporation  of  hazardous  materials  concerns  into  the  decision¬ 
making  process.  Integral  to  this  process  is  the  application  of  a 
tool  to  calculate  the  contribution  of  costs  over  the  expected 
system  lifetime  for  a  specific  hazardous  material  alternative. 

HAZARDOUS  MATERIALS  LIFE  CYCLE  COST  ESTIMATOR  (HM  LCCE) 

Developing  the  tool  for  estimating  the  life-cycle  costs  of 
using  hazardous  materials  for  new  as  well  as  existing  systems  is 
a  complex  matter.  A  life  cycle  cost  estimating  methodology  is 
under  development  by  the  Human  Systems  Center  Pollution 
Prevention  Office  at  Brooks  AFB,  Texas.  The  HM  LCCE  focuses  on  the 
direct  and  indirect  costs  of  using  hazardous  materials  during  the 
design,  production,  operation,  support,  and  disposal  of  weapons 
systems.  The  HM  LCCE  was  developed  by  studying  cost,  and  usage  data 
for  the  B— 1  bomber,  F15  and  F-16  fighters  and  aircraft  engines. 
Other  data  on  the  acquisition  of  the  U.S.  Army  Ml-Al  (Abrams) 

Tank  and  the  H-60  (Blackhawk)  Helicopter  and  the  U.S.  Navy  M-50 
Torpedo.  Data  was  collected  from  maintenance  depots,  operating 
locations  and  prime  contractors.  West,  Long  and  King  (1993) 
note  that  seven  out  of  twelve  cost  elements  (asterisked  below) 
account  for  over  ninety-five  percent  of  weapon's  life-cycle  cost: 

*  1.  Procurement  -  the  actual  purchase  price  of  the  hazardous 
materials  including  the  cost  of  transportation  to  the  contractor, 
base  or  depot  site; 

2 .  Transportation  -  the  cost  to  transport  material  from  one 
location  to  another  at  the  point  of  use; 

*  3.  Handling  -  the  cost  of  subdividing,  labeling,  and 
distributing  the  materials  as  well  as  any  productivity  that  is 
lost  due  to  restrictions  and  controls; 

*  4 .  Management  -  the  cost  of  those  functions  necessary  to 
maintain  oversight  of  the  hazardous  materials  where  used; 


5.  Training  -  the  cost  of  training  personnel  in  the  proper 
handling,  storage,  and  use  of  hazardous  materials  plus  the  cost 
of  training  personnel  in  the  proper  use  of  protective  equipment; 

*  6.  Personal  Protection  -  the  cost  of  personal  protection 
equipment  including  its  maintenance  and  support,  the  cost  of 
worker  inefficiency  from  wearing  equipment  and  the  costs  of 
dispensing  the  equipment; 


*  7.  Potential  legal/ environmental  liability  -  the  potential  costs 
of  toxic  torts,  correspondence  with  regulators,  damage  to  real 
property  or  natural  resources  and  treatment  of  contaminated  water; 


*  8.  Medical  -  the  costs  for  occupational  physical  examinations 
(including  lost  time  while  they  are  being  administered,  medical 
surveillance  and  industri  1  hygiene  surveys,  and  worker  lost  time 
due  to  illness/injury  as  a  result  of  exposure  to  hazardous 
materials ; 

9.  Facilities  -  The  cost  of  facility  cost  and  maintenance 
required  for  the  use  of  hazardous  materials; 

10.  Support  equipment  -  the.  cost  of  special  equipment  needed  to 
handle  hazardous  materials  and  hazardous  wastes; 


11.  Emergency  response  -  the  costs  of  personnel  and  equipment  to 
respond  to  an  emergency  related  to  hazardous  materials  including 
lost  time  from  work  stoppage; 

*12.  Disposal  -  the  cost  of  operating  an  industrial  wastewater 
treatment  plant,  when  applicable,  the  labor  costs  for  waste 
collection  and  handling,  the  cost  of  contractor  disposal  of 
hazardous  waste  (including  permit  and  licenses) ,  costs  of 
hazardous  waste  analyses  and  classification. 


HM  LCCE  and  DEPOT  CANOPY  REPAIR 

The  HM  LCCE  can  be  used  to  evaluate  the  total  environmental 
safety  and  occupational  health  costs  of  employing  hazardous 
materials  during  depot  canopy  repair.  The  HM  LCCE  contains  a 
section  that  can  calculate  the  expenses  accordable  the  hazardous 
materials  used  in  removing,  refurbishing  and  replacing  canopies 
at  the  depot  level. 

Inputs  to  the  HM  LCCE  are  provided  by  knowledgeable  systems 
engineers  or  occupational  health  professionals.  The  HM  LCCE 
provides  a  variety  of  outputs  that  will  support  the  decision- 
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are  most  cost-effective  when  made  prior  to  decisions  to  actually 
produce  and  field  a  system.  The  use  of  a  standardized  HM  LCCE 
will  help  remove  institutional  impediments  to  decisions  regarding 
the  tradeoffs  involved  with  hazardous  materials  during  the 
systems  acquisition  process. 

The  HM  LCCE  was  used  to  estimate  the  environmental  and 
occupational  health  concerns  relating  to  hazardous  materials  used 
during  depot-level  canopy  repair  activities.  The  estimation 
parameters  are  summarized  on  Table  1.  Those  substances  required 
by  military  specifications  were  highlighted  for  the  analysis. 

The  estimated  canopy  repair  costs,  by  cost  element  in  discounted 
1991  dollars,  show  that  personal  protection  and  medical  cost 
drivers  are  nominal  and  relatively  reasonable  (Table  2) .  A 
breakout  of  the  specific  hazardous  substances  and  related 
personal  protection  equipment  required  for  their  use  indicates 
that  opportunities  still  exist  to  reduce  associated  personal 


io$o 


protection  and  medical  costs  during  depot  canopy  repair 
activities  (Table  3) . 

The  HM  LCCE  can  be  used  to  consider  the  economic  tradeoffs 
involved  with  design,  acquisition  and  operation  of  replacing 
hazardous  substances  for  inclusion  in  the  supportability  cost. 

A  good  application  of  the  HM  LCCE  would  be  to  reduce  the  use  of 
ozone  depleting  chemicals  during  the  design,  testing,  production 
and  support  of  aircraft  canopy  systems.  Certain 
chlorofluorocarbon  (CFC)  and  halon  chemicals  are  believed  to 
contribute  to  the  depletion  of  stratospheric  ozone.  The 
production  and  use  of  the  most  environmentally  harmful  (Class  I) 
of  these  potentially  ozone  depleting  chemicals  (ODCs)  will  be 
phased  out  by  1995.  For  other  CFC  chemicals  that  are  not  being 
phased  out,  financial  disincentives  may  drive  up  the  expenses  of 
using  CFC  chemicals  to  where  their  continued  use  may  not  be 
economically  practicable.  One  solution  may  be  to  substitute 
alternate  chemicals  and  processes  for  those  now  requiring  CFCs. 

As  of  June  1,  1993,  the  Air  Force  requires  waivers  prior  to 
the  award  of  any  contract  that  requires  the  use  of  Class  I  ODCs. 
Waivers  are  evaluated  by  representatives  from  the  acquisition, 
logistics  and  maintenance  and  civil  engineering  functional  areas. 
Waivers  are  also  required  for  the  purchase  of  Class  I  ODCs  or  for 
their  withdrawl  from  stockpiles  for  replacing  diminished  stock. 


CONCLUSION 

The  Air  Force  is  moving  from  strictly  an  industrial  plant 
pollution  prevention  strategy  to  one  encompassing  all  phases  of 
the  Air  Force  way  of  life.  Considerable  progress  already  has 
been  made  in  the  reduction  of  hazardous  waste  by  replacing 
hazardous  processes  of  cleaning  and  protecting  aircraft  parts. 

The  Air  Force  is  successfully  integrating  environmental 
considerations  and  assessment  techniques  into  the  basic  design 
of  new  systems.  Integral  to  this  process  is  the  full 
inclusion  of  environmental,  safety  and  occupational  health 
costs  of  operation  with  other  supportability  costs. 

Contractors  involved  in  the  design  and  production  of  weapons 
systems  can  have  the  most  effect  by  choosing  materials  and 
processes  that  will  not  require  the  use  of  hr*~  rdous  materials  or 
generate  hazardous  wastes.  Inputs  into  the  HM  LCCE  by  the 
transparency  design  community  can  improve  life  cycle  cost 
estimation  to  reduce  the  costs  of  transparency  ownership  that  are 
related  to  hazardous  materials. 
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Table  1 


HA2MAT  ESTIMATE  PARAMETER  INFORMATION  REPORT 


ESTIMATE  TITLE:  TRANSPARENCY  CONFERENCE  EXAMPLE 
ESTIMATE  OATE  :  08-  11-93 


DISCOUNT  RATE:  .100 
INPUT  BASE  YEAR:  1991 
ESTIMATE  BASE  YEAR:  1991 


SERVICE . :  AIR  FORCE 

SYSTEM  NAME...:  AIRCRAFT 
SYSTEM  TYPE...:  FIGHTER 
SUBSYSTEM  NAME:  AIRFRAME 


NUMBER  OF  SUBSYSTEMS:  1 
SYSTEM  ECONOMIC  LIFE:  5 
NUMBER  OF  OPERATING  UNITS:  48 
NUMBER  OF  TYPE  PER  UNIT:  1 
NUMBER  OF  OPERATING  LOCATIONS;  18 
OPERATING  l  SUPPORT  QUANTITY:  864 


SURFACE  AREA  OF  SUBSYSTEM:  24 

COMPOSITE  SURFACE  AREA  OF  SUBSYSTEM: 
TITANIUM  SURFACE  AREA  OF  SUBSYSTEM: 


*  ^ESTIMATE  MEMO: 


4  \ 
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Table  2 


TRANSPARENCY  CONFERENCE  EXAMPLE 
Costs  by  Cost  Element  in  DISCOUNTED  Dollars 
as  of  08-  11-93 
THOUSANDS  of  FY  1991 


Running 


1997 

1998 

1999 

2000 

2001 

2002 

2003 

Total 

DISPOSAL 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

EMERGENCY  RESPONSE 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

,00 

FACILITIES 

.00 

.00 

o 

O 

• 

.00 

.00 

.00 

.00 

.00 

HANDLING 

.01 

.01 

.01 

.01 

.02 

.02 

.02 

.10 

POTENTIAL  LIABILITY 

.08 

.07 

.06 

.06 

.11 

.09 

.08 

.55 

MEDICAL 

18.50 

16.82 

15.29 

13.90 

25.28 

22.98 

20.89 

133.66 

MANAGEMENT 

O 

o 

• 

.00 

O 

o 

• 

.00 

.00 

.00 

.00 

.00 

PERSONAL  PROTECTION 

104.95 

95.41 

86.73 

78.85 

143.36 

130.33 

118.48 

758.11 

PROCUREMENT 

.37 

.33 

.30 

.28 

.51 

.46 

.42 

2.67 

SUPPORT  EQUIPMENT 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

TRi  .XING 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

TRANSPORTATION 

.00 

.00 

4 

o 

o 

.00 

.00 

.00 

.00 

.00 

TOTALS 

123.94 

112.67 

102.43 

93.12 

169.30 

153.90 

139.91 

895.27 

2004 

.... 

,  ... 

• «»  ®  • 

.... 

..... 

..... 

DISPOSAL 

.00 

EMERGENCY  RESPONSE 

.00 

FACILITIES 

.00 

HANDLING 

.01 

POTENTIAL  LIABILITY 

.07 

MEDICAL 

18.99 

MANAGEMENT 

.00 

PERSONAL  PROTECTION 

107.71 

PROCUREMENT 

.38 

SUPPORT  EQUIPMENT 

.00 

TRAINING 

.00 

TRANSPORTATION 

.00 

TOTALS 

127.19 

.00 

.00 

.00 

.11 

.62 

152.65 

.00 

865.82 

3.05 

.00 

.00 

.00 

1022.46 


Table  3. 


FHASE/PROCESS :  OKWCIKl  4  SUPPORT  /AFA  DEPOT  CANOPT  REPAIR 
* 


SUBST  10  SIASTANCE  KANE 

N$UR 

PROQTT 

GTY  USED 

EQUIPMENT  NAME 

000822450  EPOXY  PRIMER  COATING 

KIT 

1 

.0896 

4  03117ES31G  ADHESIVE 

KIT 

1 

.0299 

*  00142919J  ADHESIVE 

BOX 

1 

.0040 

MEM-RESISTANT  SAFETY  GOGGLES 

00 H 50020  ADHESIVE 

02 

3 

.0075 

COMB  FACE-SHIELD  KIT  V/SAFE  CP 
AIR  RESPIRATOR  NCSA  (15MIN) 
RESPIR  ORGANIC  VAPOR  ACID  GAS 
MEM-RESISTANT  SAFETY  GOGGLES 

001658614  ADHESIVE 

OT 

1 

.0896 

asm  FACE-SKIELD  KIT  W/SAFF  CP 
CHEN-RESISTANT  SAFETY  GOGGLES 

0017IT50V  LACQUER 

GAL 

1 

.0001 

PM  RESISTANT  GLOVES 

002232737  DiCNLOROMETHANE 

PINT 

1 

.0224 

002254548  ADHESIVE 

KIT 

1 

.0096 

CHEN-RESISTANT  SAFETY  GOGGLES 

002348378  SODIUM  SULFIDE,  NONANYORATE,  A 

GRAM 

500 

.0224 

COTTON  INSPECTOR'S  GLOVES 
RESPIR  ORGANIC  VAPOR  ACID  GAS 
COME  FACE-SHIELD  KIT  U/SAFE  CP 

902300026  PETROLEUM 

LI 

1 

.0003 

CHEMICAL  COVERALL 

Alt  tiSriHAlot  Scm  (15nih) 
FACE  SHIELD 

002648983  METHYL  ETHYL  KETONE 

02  • 

3 

.0000 

PCS  RESISTANT  GLOVES 

VISITOR'S  SAFETY 

002650664  NAPTHA 

GAL 

5 

.0090 

MEM-RESISTANT  SAFETY  GOGGLES 
COW  FACE-SHIELD  KIT  W/SAFC  CP 

CHEN-RESISTANT  SAFETY  GOGGLES 

002867748  ENAMEL.  AUCYD-GLOSS 

GAL 

5 

4.7761 

AIR  RESPIRATOR  SC8A  (15NIN) 
FUTURA  GOGGLES 

003190834  CLEANING  COMPOUND 

L* 

11 

.0038 

PCS  RESISTANT  CLOVES 

ORGANIC  VAPOR  RESPIRATOR 

CSMB  FACE-SHIELD  KIT  U/SAFE  CP 

0035773*6  DETERGENT 

02 

22 

.0038 

RESPIR  ORGANIC  VAPOR  ACID  CAS 

004222169  CALCIUM  CHLORIDE 

LB 

80 

.7463 

CKEH-RES: START  SAFETY  GOGGLES 

005152211  PRIMER  COATING 

GAL 

5 

.0299 

CHEMICAL  COVERALL 

RESPIR  ORGANIC  VAPOR  ACID  GAS 

SPLASH  GUARD  MEM  SPLASH  GOGG 

I, 

* 

005770216  ENAMEL 

GAL 

1 

.0010 

TYVEK  UfSP  ELASTIC  TOP  SOOTS 

NEOPRENE  GLOVES 

CHEMICAL  COVERALL 

RESPIR  ORGANIC  VAPOR  ACID  CAS 
CN2N- RESISTANT  SAFETY  GOGGLES 

005511487  1,1,1-YRICNOROETHANE 

GAL 

55 

.0000 

CHEN-RESISTANT  SAFETY  GOGGLES 

*  V 

0066460 K)  GLASS  CLEANER 

BOX 

1 

.0014 

COHS  FACE-SHIELD  KIT  W/SAFE  CP 

POLY-COATED  CLOVES 

AIR  RESPIRATOR  SCSA  (15MIN) 

007019546  ADHESIVE 

KIT 

1 

.0036 

VILLXW  GALAXY  SAFETY  GLASSES 

007770631  EPOST  JCH 

KIT 

1 

.0009 

SEAMLESS  NATURAL  RUWER  CLOVES 

CKEK-S5-SIS1ANT  SAFETY  WGGLtS 

00823^*7  MLCCIBf  LOATIKG 

GAL 

1 

.0002 

SEAMLESS  NATURAL  BUEi7A  GLOVE L 

GEHLRAi.  PURPOSE  FALL  SHIELD 

PHASE/PROCESS:  OPERATING  t  SUPPORT  /AFA  DEPOT  CANOPY  REPAIR 


SUB ST  ID  SUBSTANCE  NAME 

MSUR 

PROOTY 

QTY  USED 

EQUIPMENT  NAME 

DISPOSABLE  BOOTS 

SEAMLESS  NATURAL  RUBBER  GLOVES 

NEOPRENE  APRON 

008430802  ADHESIVE  SEALANT 

KIT 

1 

.0023 

RESPIRATORS  DUST  6  HIST 

UILLSQK  GALAXY  SAFETY  GLASSES 

008510211  ADHESIVE 

KIT 

1 

.0033 

COTTON  INSPECTOR'S  GLOVES 

COMB  FACE-SHIELD  KIT  U/SAFE  CP 

* 

# 

008556180  ISOPROYL  ALCOHOL 

GAL 

S 

.0075 

COTTON  INSPECTOR'S  GLOVES 

CHEM-RESISTANT  SAFETY  GOGGLES 

CHEMICAL  COVERALL 

008700877  PRIMER  ADHESIVE 

QT 

1 

.0075 

RESPIR  ORGANIC  VAPOR  ACID  GAS 

COMB  FACE-SHIELD  KIT  U/SAFE  CP 

008807616  SILICONE  COMPOUND 

02 

8 

.0224 

RESPIR  ORGANIC  VAPOR  ACID  GAS 
CHEM-RESISTANT  SAFETY  GOGGLES 

COMB  FACE-SHIELD  KIT  U/SAFE  CP 
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Abstract 


Based  on  a  direct  forming  method  demonstrated  under  a  Wright  Laboratories 
contracted  effort  completed  in  1988,  a  major  effort  to  develop  technology  for 
directly  forming  aircraft  transparencies  is  nearing  completion.  Since  direct 


forming  affords  designers  the  capability  to  tailor  thickness  and  to  form  the 
transparency  with  integral  attachment  hardware,  thickened  edges  can  be  utilized 


to  eliminate  the  necessity  for  peripheral  metal  or  composite  frames.  This  class  of 
transparency  is  referred  to  as  "Frameless".  Elimination  of  the  frame  also  eliminates 
the  necessity  for  bonding  or  bolting  and  sealing  a  conventional  "bent-from-sheet” 
transparent  panel  to  a  frame.  Since  directly  formed  transparencies  have  (except 
for  sprue  removal)  their  final  shape  when  they  are  removed  from  the  mold,  the 
requirement  for  post  forming  machining  is  also  eliminated. 


Direct  forming  can  be  utilized  to  manufacture  transparencies  as 
replacements  for  bent-from-sheet  panels  attached  to  frames  with  conventional 
methods.  The  directly  formed  transparent  panel  can  feature  thickness  tailoring  to 
save  weight,  gain  bird  impact  resistance,  or  to  achieve  improved  optics.  Because 
direct  forming  (injection  molding)  is  not  labor  intensive  and  produces  consistent 
and  repeatable  parts  in  a  very  short  time  (one  hour  molding  cycle),  transparencies 
can  be  produced  at  very  low  cost. 


Introduction 

The  evolution  of  windshields  and  canopies  for  high  performance  fighter  and 
trainer  type  aircraft  has  been  heavily  influenced  by  the  need  to  provide  resistance 
to  in  flight  impact  with  birds.  Another  influence  has  been  the  requirement  for 
maximum  and  unobstructed  field  of  view  for  pilots  and  aircrew  members.  Often 
modern  designs  sacrifice  optical  quality  and  weight  to  attain  these  goals.  Because 
unobstructed  field  of  view  demands  minimal  opaque  structure  and  compound 
curvature,  transparent  panels  must  be  formed  from  very  tough  and  formable 
plastic  materials.  Currently,  impact  resistance  in  transparencies  is  provided  by 
extruded  flat  polycarbonate  sheet. 
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The  extruding  process  for  sheets  of  molten  polycarbonate  resin  produces 
surfaces  which  must  be  heated  and  pressed  between  high  quality  surfaces  to  gain 
optical  quality.  Flight  and  impact  loads  require  thicknesses  of  three  quarters  to  one 
inch  in  forward  facing  transparencies.  Extruded  sheet  stock  does  not  have 
dependable  impact  resistance  in  thicknesses  over  about  three  eighths  of  an  inch. 
To  obtain  the  necessary  structure,  transparent  panels  must  be  laminated  from  two 
or  more  sheets.  Further,  to  prevent  migration  of  cracks  from  one  ply  to  another, 
the  laminations  must  be  separated  by  an  elastomeric  inner  layer.  The  lamination 
process  must  be  closely  controlled  to  minimize  optical  distortions  which  can  result 
from  unparallel  surfaces  and  dissimilar  materials.  Laminating  is  labor  intensive, 
expensive,  and  can  produce  rejectes  for  imperfect  bonding  or  optical  quality. 

Flat  constant  thickness  laminates  must  be  heated  to  a  state  which  permits 
bending  to  the  final  transparent  panel  shape.  Bending  is  accomplished  by 
wrapping  around  a  mandrel  for  simple  shapes  or  forcing  the  laminated  sheet  into  a 
cavity  for  shapes  with  compound  curvature.  This  bending  process  requires 
stretching  which  also  thins  the  laminate  in  an  uncontrolled  manner.  The  integrity 
of  the  lamination  is  threatened  by  the  thermal  cycle  and  stresses  associated  with 
bending  and  stretching.  Variations  in  design  shape  and  thickness  as  large  as  two 
tenths  of  an  inch  are  not  uncommon.  Optical  distortion  is  difficult  to  control 
during  the  heating  and  bending  process  and  residual  stresses  are  difficult  to 
prevent  and  detect. 

After  forming,  the  transparent  panel  must  be  trimmed  to  final  shape  by 
machining  the  peripheral  edges.  When  the  panel  is  to  be  bolted  to  a  frame,  holes 
for  the  fasteners  are  drilled  along  the  edges.  Polycarbonate  is  notch  sensitive  and 
even  very  fine  machine  marks  can  become  the  origin  for  cracks  as  the  material 
ages  or  is  loaded.  Machined  edges  are  more  susceptible  to  moisture  and  chemical 
absorption  than  surfaces  formed  during  the  polymer  cooling  process.  Crocks  often 
originate  at  holes  for  fasteners.  Delaminations  usually  start  at  or  near  fastener 
holes  or  machined  surfaces. 

In  transparencies  with  laminated  panels.,  the  junovre  with  the  frame  may 
loosen  due  to  thinning  of  the  soft  inner  layer  material.  Inner  layer  thinning  can 
be  caused  by  fastener  compression  or  the  clamping  action  of  frame  edge  members 
or  fairings.  A  loose  joint  is  subject  to  penetration  of  moisture  and  chemicals  which 
can  be  absorbed  by  the  machined  polycarbonate  edges  causing  crazing,  cracking, 
material  degradation,  delaminacion,  and  shortened  service  life.  This  juncture  may 
be  the  source  of  cockpit  pressure  leaks. 

Major  discontinuities  in  load  patns  exist  at  the  juncture  between  frames  and 
transparent  panels  where  fasteners  or  bonding  immobilizes  plastic  material.  Bird 
impact  failures  in  forward  facing  windshields  often  originate  at  the  aft  arch  where 
this  discontinuity  exists.  Although  elastomeric  bushings  are  often  used  in 
oversized  fastener  holes,  differences  in  thermal  elongation  in  the  frame  material 
and  in  polycarbonate  can  result  in  stresses  in  the  panel  material.  Bonding  panels 
to  frames,  if  the  bond  is  successful,  immobilizes  the  polycarbonate  with  respect  to 
the  frame  material  and  stress  in  the  plast'C  is  highly  concentrated  along  this  line. 
Utilizing  the  structural  benefits  inherent  in  polycarbonate  toughness  depends  on 
permitting  elastic  deformation  of  the  material.  Large  permanent  plastic 


deformations  should  be  permitted  for  absorbing  dynamic  loading  associated  with 
bird  impact. 


The  need  for  frame  attachment  along  the  edges  of  transparent  panels  leads  to 
the  necessity  for  greater  thickness  in  the  panel  to  obtain  strength  where  sections 
are  reduced  by  holes  or  where  the  plastic  is  immobilized  by  a  bond  to  very  stiff 
frame  material.  Since  extruded  sheets  or  laminations  of  sheets  are  of  constant 
thickness  before  forming  this  added  thickness  may  be  carried  in  areas  of  the 
transparency  where  thinner  sections  would  withstand  applied  loads. 

Concepts  for  Technology  Development 

Technology  is  being  developed  for  two  related  concepts;  Direct  Forming  and 
Frameless  Aircraft  Transparencies.  Direct  forming  technology  can  be  applied  to 
eliminate  undesirable  attributes  associated  with  the  current  bend-from-sheet 
manufacturing  method  while  reducing  cost,  extending  service  life,  and  improving 
performance.  Direct  forming  advantages  can  be  applied  to  existing  and  new 
aircraft.  The  frameless  concept  can  be  utilized  to  eliminate  undesirable  traits 
associated  with  the  current  necessity  for  attaching  transparent  panels  to 
peripheral  frames.  Since  frameless  transparencies  are  directly  formed,  all  of  the 
direct  forming  advantages  are  also  included.  Potentials  associated  with  the 
frameless  concept  may  be  limited  in  retrofits  to  existing  aircraft,  but  offer  major 
advantages  to  the  designers  of  new  aircraft. 

Direct  Forming 

Direct  forming  entails  manufacture  of  an  aircraft  transparency  directly 
from  molten  thermoplastic  resin  in  one  thermal  process.  This  technology  can  be 
utilized  to  produce  replacements  for  bent-from-sheet  transparent  panels  or  as  a 
method  for  producing  frameless  aircraft  transparencies.  Low  pressure,  long  cycle 
injection  molding  (Reference  1)  is  the  direct  forming  method  which  is  the  basis  for 
current  technology  development. 

Injection  molding  produces  transparencies  by  filling  a  mold  cavity  with 
molten  resin,  packing  additional  resin  into  the  mold  as  the  resin  solidifies,  cooling, 
and  removing  the  molded  transparency  from  the  mold.  The  thermal  condition  of 
the  mold  and  enclosed  resin/polymer  is  closely  controlled  to  insure  optimum 
material  properties,  transparency  quality,  and  dimensional  repeatability.  The 
forming  cycle  takes  only  about  one  hour  and  can  be  repeated  immediately.  Post 
forming  machining  is  limited  to  removal  of  gating  sprue  for  frameless 
transparencies.  Drilling  of  fastener  holes  in  the  molded  transparent  panel  which 
must  be  mounted  into  a  frame  is  necessary  only  if  molding  the  panei  with  holes  is 
impractical.. 

Because  direct  forming  is  not  labor  intensive,  major  manufacturing  cost 
reductions  relative  to  bent-from-sheet  methods  can  be  realized. 

Injection  molding  is  a  repeatable  process  which  can  be  simulated  (Reference 
2)  in  computer  aided  engineering  software,  eliminating  the  need  for  trial  and  error 
development  of  most  process  parameters.  Control  and  programming  of  temperature 
and  pressure  conditions  during  injection  and  polymer  cooling  produces  material 
w*th  consistent  and  repeatable  properties  in  thicknesses  required  for  reacting  both 
static  and  dynamic  loading  conditions.  Based  on  testing  (Reference  3)  of  directly 


formed  sub  scale  panels,  monolithic  cross  sections  are  expected  to  provide  bird 
impact  resistance  in  full  scale  transparencies. 


Forming  in  a  cavity  which  controls  all  surfaces  and  produces  the  final 
transparency  shape  affords  the  capability  for  tailoring  and  closely  controlling 
thickness.  Thickness  tailoring  can  provide  optimized  structure  while  reducing 
overall  weight  (Reference  4).  Weight  reduction  can  be  accomplished  by 
thickening  the  forward  facing  areas  for  bird  impact  resistance  and  gradually 
decreasing  thickness  as  impact  incidence  decreases  to  aft  facing  area  where  only 
flight  loads  must  be  reacted. 

For  given  outside  mold  lines,  optical  characteristics  can  be  optimized  by 
distribution  of  thickness  and  inboard  shape  to  achieve  the  best  optical  relationship 
between  inside  and  outside  surfaces.  Precision  control  of  thickness  and  shape,  and 
the  distribution  of  thickness  and  shape  may  afford  the  capability  for  designing 
transparencies  to  optical  requirements.  Thickness  and  shape  distribution  must 
consider  both  structure  (impact  and  static)  and  optics.  Repeatability  of  thickness  in 
sub  scale  panel  molding  where  simplified  molds  and  thermal  control  were  utilized, 
has  been  demonstrated  within  plus  or  minus  .002  inches.  Utilizing  dimensional 
mapping  (Reference  5)  of  molds  and  molded  parts,  a  method  for  predicting 
shrinkage  distribution  (Reference  6)  has  been  developed.  Thickness  control  and 
repeatability  in  full  scale  transparencies  is  expected  within  .005  inches  of  design 
thickness  in  optical  areas.  This  precision,  which  is  unrelated  to  complexity  of 
shape  and  curvature,  may  be  more  than  an  order  of  magnitude  better  than 
uncontrolled  thickness  variations  associated  with  bend-from-sheet  forming 
methods. 


Frameless 

Contrasted  to  conventional  aircraft  transparencies  which  are  assemblies  of 
transparent  panel(s)  and  a  frame  of  dissimilar  material,  the  frameless 
transparency  requires  no  peripheral  frame,  has  thickened  sill  edges  of  the  same 
material  as  the  optical  areas,  includes  minimal  molded  in  hardware  for  attachment 
to  aircraft,  and  is  formed  in  a  single  thermal  process.  The  frameless  concept  is 
dependent  on  direct  forming  technology  and  ofiers  all  of  the  advantages  of  direct 
forming  in  addition  to  advantages  associated  with  elimination  of  the  requirement 
for  a  peripheral  frame. 

Elimination  of  the  frame  can  substantially  reduce  transparency  acquisition 
and  life  cycle  cost.  Although  frames  are  typically  (for  bolted  panels)  reused,  the 
initial  cost  is  great,  and  the  cost  of  inspection  and  refurbishment  each  time  the 
transparent  panel  is  replaced  must  be  considered.  Logistics  for  supplying  the 
frame,  fasteners,  bushings,  and  seal  (panel  to  frame)  sets  must  also  be  considered. 
Because  the  panel  to  frame  seal,  attachment  fasteners,  and  fairings  are  eliminated, 
changing  the  frameless  transparencies  in  the  field  requires  less  aircraft  down 
time. 


Residual  stresses  in  transparent  panels  which  result  from  deformations  of 
the  panel  to  fit  the  frame,  compression  of  plastic  by  fasteners,  and  continuous 
attachment  of  the  panel  to  a  thermally  dissimilar  material  can  be  eliminated. 
Considering  the  eliminated  installation  stresses,  minimal  residual  stress  due  to 
forming  with  the  long  molding  cycle,  elimination  of  machined  edges  and  fastener 


holes,  and  elimination  of  the  panel  to  frame  seal,  significant  increases  in  service 
life  are  expected. 


Loads  as  great  as  11,000  pounds  have  been  required  to  pull  a  single  latching 
insert  from  a  molded  panel  thickened  edge.  Testing  of  insert  pull  out  loads  after  hot 
and  cold  mission  cycling  has  indicated  that  the  inserts  can  be  expected  to  react 
mission  loads  successfully  in  a  frameless  transparency.  A  seal  required  between 
transparency  frames  and  "craft  cockpit  sills  will  be  required  for  frameless 
transparencies  and  will  require  that  the  thickened  edge  be  structurally  designed  to 
prevent  deflections  between  latching  inserts  which  would  break  this  seal.  This 
stiffness  has  been  analytically  predicted  for  the  design  of  the  first  frameless 
transparency  which  is  presently  being  molded. 

Elimination  of  the  need  for  dissimilar  (frame)  materials  and  attachment  at 
arches  and  sills  precludes  major  structural  discontinuities.  Designers  can  utilize 
thickness  and  shape  tailoring  to  transition  static  and  impact  loads  to  aircraft 
structure  through  tough  plastic  materials  without  the  effects  of  fastener  holes  and 
materials  that  have  greatly  different  response  characteristics.  This  capability  is 
specifically  important  during  bird  impact  on  forward  facing  surfaces  which 
include  an  arch.  Balanced  design  at  the  arch  juncture  is  critical  to  preventing  bird 
penetration  and  controlling  deflections.  Cross  sections  (Figure  1)  and  shapes 
which  utilize  the  toughness  inherent  in  impact  resistant  plastic  can  be  chosen  to 
dissipate  energy  and  transmit  loads  efficiently.  These  all  plastic  designs  without 
fasteners  or  dissimilar  materials  are  simple  to  model  for  structural  analysis  tools. 
Predictions  of  deflection  and  failure  conditions  can  be  made  analytically  with  good 
confidence.  Bird  impact  testing  of  molded  sub  scale  panels  with  thickened  and 
shaped  edges  have  demonstrated  the  capability  for  large  elastic  deformations  which 
have  been  indicated  by  analytical  prediction  methods  (Reference  4). 

Technology  Development 


Approach 

Technology  for  directly  formed  and  frameless  aircraft  transparencies  is 
being  developed  in  three  phases: 

First,  a  contracted  study  identified  low  pressure,  long  cycie  injection 
molding  as  a  candidate  for  forming  thick  walled  and  impact  resistant 
transparent  parts.  This  contract  also  included  molding  and  testing  sub 
scale  panels  to  demonstrate  the  feasibility  of  this  method.  This  effort 
(Reference  5)  was  completed  in  June  1988. 

Second,  development  of  technology  required  to  design  and  fabricate 
directly  formed  and  frameless  transparencies  utilizing  the  direct 
forming  method  previously  demonstrated  is  currently  being  completed. 

The  product  of  this  phase  has  been  defined  as  the  Analytical  Design 
Package  (ADP)  for  aircraft  transparencies.  This  phase  includes  design 
of  a  Confirmation  Frameless  Transparency  (CFT),  design  and  fabrication 
of  a  mold,  molding  of  this  transparency,  testing,  and  utilizing  test  data  to 
confirm  the  ADP. 

The  Third  phase  includes  production  of  a  prototype  frameless 
transparency  for  field  use  utilizing  the  ADP  for  design  and  methods 


developed  during  the  confirmation  of  the  ADP  (second  phase)  for 
fabricating  this  transparency  and  the  required  mold.  This  phase  will 
terminate  with  the  delivery  of  the  mold,  process,  and  prototype  test  data 
to  the  acquisition  organization  for  the  aircraft  which  will  use  the 
transparency  in  the  field. 

Progress 

Technology  Rased  on  Sub  Scale  Molded  Panels 

Table  1  summarizes  demonstrated  facets  of  the  overall  technology  based  on 
molded  sub  scale  flat  and  conical  panels  (Figure  2).  The  effort  to  accomplish  these 
demonstrations  has  been  conducted  in  parallel  with,  and  in  support  of  major 
contracted  efforts  to  design  and  fabricate  the  CFT  mold,  molding  hardware,  and 
support  equipment.  Contracted  support  in  the  form  of  molding  and  testing  has 
been  essential  to  these  demonstrations  which  have  been  conducted  by  WL/FIVR  as 
In-House  projects. 
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Technology  Demonstrations  Based  on  Injection  Molded  Panels 


Direct  Forming  Process 

Two  Molding  Sources 
Five  Resin  Types 
Thick  Monoliths 
Mold  Temperature  Zoning 
Molding  with  Inserts 
Melt  Flow  Index  Effects 


Structural  (UDRI  Test  Support) 

Dart  Impact 
Bird  Impact 

Static  Material  Properties 
Insert  Loads 
Thermal  Cycling 
Thermal  Cycling  Loads 


Dimensional  Design/Control 

Dimensional  Mapping  Methods 
Mold  Design  Methods 


ABEPeydopmfittt 

An  early  form  of  the  ADP  was  developed  and  delivered  as  a  part  of  the 
Frameless  Technology  Program  (FTP)  conducted  by  Lockheed  cort  Worth  Company 
(LFWC),  then  General  Dynamics,  Fort  Worth  Division. 

The  ADP  as  delivered  by  LFWC  is  being  further  developed  by  PDA 
Engineering  and  the  University  of  Dayton  Research  Institute  (UDRI)  as  a  part  of  a 
WL/FIVR  contract.  ADP  development  is  proceeding  in  accordance  with  an  ASTM 
method  for  software  development  which  includes  two  Beta  evaluation  cycles.  The 
Beta  1  evaluation  was  conducted  in  February  1993.  This  evaluation  included  on  site 
participation  of  potential  users  at  PDA  Engineering  in  Costa  Mesa,  California. 

Figure  3  is  a  graphical  representation  of  the  ADP.  The  ADP  utilizes 
P3/Patran,  a  Computer  Aided  Engineering  (CAE)  code  to  generate  a  common  model 
which  can  be  utilized  by  structural,  thermal,  optical,  and  molding  simulation  codes 


to  iteratively  develop  transparency  designs  from  aircraft  geometry  and  mission 
requirements.  As  the  common  CAE  software,  P3/Patran  accesses  material  properties 
from  an  M/Vision  data  base  and  maintains  pre  and  post  processing  files  for  each  of 
the  analytical  tools.  Reference  8  includes  a  detailed  discussion  of  the  ADP  and 
progress  in  ADP  development. 

ADP  Confirmation  Frameless  Transparency 

The  design  of  the  Confirmation  Frameless  Transparency  (CFT)  has  been 
completed.  The  CFT  geometry  is  based  on  the  forward  half  of  the  F-16  canopy  as 
shown  in  Figure  4.  Design  input  includes  F-16  mission  and  350  knot,  four  pound 
bird  impact  requirements.  Thickened  sills  and  an  aft  arch  were  added  to  generate  a 
forward  windshield  sized  frameless  transparency.  Thickened  sills  enclose  latch 
inserts  and  an  aft  threaded  insert  for  attachment  to  a  modified  F-16  frame  for 
ground  testing.  The  CFT  design  represents  the  mission  of  a  high  performance 
fighter  with  complex  optical  shape  and  frameless  forward  windshield  features.  No 
attempt  to  optimize  optics  by  thickness  tailoring  was  made.  The  design  goal 
includes  a  constant  three  quarter  inch  thickness  in  the  optical  area.  Figure  5  is  a 
graphic  representation  of  the  CFT  showing  thickened  edges  and  latch  inserts. 

CELMald 

A  single  cavity  collapsing  core  mold  was  designed  and  fabricated.  Figures  6 
and  7  are  photographs  of  the  mold  cavity  and  core  respectively.  A  2.75  inch 
diameter  sprue  bushing  is  transitioned  to  the  shape  of  the  most  forward  CFT  cross 
section  by  a  single  fan  gate.  This  resin  delivery  system  reflects  the  low  pressure, 
thick  wall,  long  injection  molding  cycle  demonstrated  in  previous  molding  of  sub 
scale  panels. 

Based  on  experience  in  molding  sub  scale  conical  panels,  the  mold  cavity 
thickness  was  tapered  to  correct  for  the  effects  of  shrinkage  (Reference  6).  Sizing 
of  the  mold  cavity  also  included  thermal  expansion  effects.  The  objective  of  mold 
cavity  sizing  is  to  produce  a  constant  thickness  optical  area  and  CFT  design 
dimensions.  The  mold  has  been  thoroughly  dimensionally  mapped  utilizing  a 
coordinate  measurement  machine  with  methods  developed  by  WL/FIVR  for 
obtaining  an  accurate  cavity  thickness  distribution. 

Because  the  CFT  interior  surface  "wraps  around"  (larger  cross  sections  exist 
inside  the  peripheral  edges)  the  mold  core,  the  CFT  could  not  be  removed  from  a 
single  piece  mold  core.  Two  opposed  areas  of  the  core  surface  were  replaced  by 
sliding  blocks  which  will  be  retracted  by  a  hydraulically  driven  internal 
mechanism  before  the  mold  can  be  opened.  These  slides  produce  the  "collapsing 
core"  mold  feature  and  permit  CFT  removal.  A  witness  line  in  the  form  of  a  small 
ridge  extending  from  the  surface  will  be  formed  at  the  edges  of  the  sliding  blocks. 
The  shape  and  location  of  these  blocks  was  chosen  to  keep  witness  lines  away  from 
the  prime  optical  area. 

The  CFT  mold  was  cut  from  solid  billets  of  P20  steel.  The  cavity  surface  was 
polished  to  a  1200  diamond  paste  "mirror"  finish.  Cavity  surfaces  were  hardened  by 
ion  nitriding  for  durability. 

Blocks  for  retention  of  latch  and  threaded  inserts  are  fitted  into  the  mold 
core  billet.  These  blocks  secure  inserts  during  injection  and  are  removed  from  the 


mold  with  the  CFT,  then  separated  and  replaced  in  the  mold  with  an  insert  set  for 
the  next  injection.  A  system  for  initial  motion  of  the  retention  blocks  at  mold 
opening  is  provided. 

Thirty  seven  channels  were  drilled  for  heating/cooling  oil  to  control  the 
temperature  of  the  mold.  A  total  of  32  thermocouples  and  8  pressure  transducers 
are  located  in  cavity,  core,  slide,  and  slide  mechanism  billets. 

Design,  fabrication,  polish,  surface  hardening,  and  mechanical  confirmation 
checks  have  been  completed.  The  CFT  mold  has  been  installed  in  an  Envirotech 
molding  station  and  prepared  for  process  development  molding  trials. 


To  preclude  manual  handling  of  molded  CFTs,  a  mechanism  for  CFT  removal 
from  the  mold  has  been  designed  and  fabricated.  This  removal  system  is  attached  to 
the  aft  face  of  the  mold  cavity  and  includes  a  carriage  which  travels  along  rails  to 
position  cradling  fixtures  at  the  sprue  and  CFT  aft  corners  when  the  mold  is  open. 
The  cradling  fixtures  are  hydraulically  actuated  to  lift  the  CFT  off  mold  stripping 
blocks  and  the  carriage  is  removed  from  the  mold  bearing  the  CFT.  Molded  CFTs  will 
be  lifted  from  the  removal  system  and  placed  on  wooden  pallets  which  are  also  the 
bases  for  storage  and  shipping  containers. 

Fabrication  and  installation  of  the  removal  system  is  complete.  An  opaque 
CFT  casting  which  was  formed  inside  the  mold  was  used  for  functional  checks  of  the 
mold  arid  removal  system. 

Mold  Heating/Cooling  (il-C)  System 


The  K-C  system  developed  for  the  CFT  (and  anticipated  subsequent 
transparency  molding)  has  the  capability  for  independently  heating  and  cooling 
eight  mold  zones.  This  is  accomplished  by  maintaining  two  constantly  flowing  oil 
circuits.  A  hot  oil  circuit  can  be  maintained  at  a  maximum  of  500  deg  F  and  a  cold  oil 
circuit  can  be  kept  at  a  temperature  as  low  as  37  deg  F.  Set  temperatures  and 
temperature  ramps  are  achieved  for  each  mold  zone  by  a  feed  back  control  system 
which,  based  on  temperatures  sensed  in  input  lines  to  each  zone,  cycles  a  controller 


which  controls  flow  rate  and  alternates  flow  from  the  hot  or  cold  circuit 
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the  desired  temperature  set  values  at  programmed  times.  As  many  as  eight 
temperature  ramps  can  be  programmed  for  each  of  the  eight  mold  zones  during  the 
molding  cycle. 


Figure  8  is  a  schematic  of  the  H-C  system  as  it  is  presently  installed  at  the 
Envirotech  plant.  The  system  is  on  four  modular  skids  designed  for  mobility.  A  gas 
fired  burner  on  one  skid  supplies  heat  for  oil  in  the  hot  oil  circuit,  a  chiller  skid 
removes  heat  from  the  cold  oil  circuit,  oil  supply  and  reservoir  tanks  are  contained 
on  a  tank  skid,  and  a  secondary  loop  skid  Includes  a  pumping  and  control  circuit  for 
each  of  the  eight  mold  zones.  Skids  are  installed  exterior  to  the  molding  facility 
building  and  oil  piping  connects  the  skids  to  inside  manifolds  where  oil  flow  in 
each  zone  is  divided  to  specific  channels  in  the  mold. 

The  H-C  system  represents  a  major  investment  in  an  asset  which  can  be 
utilized  for  development  of  additional  technology  related  to  direct  forming  of 


* 


aircraft  transparencies.  It  is  also  anticipated  that  the  H-C  system  will  be  utilized  in 
production  molding  of  directly  formed  and  frameless  transparencies  in  the  future. 


Programming,  control,  and  monitoring  the  H-C  system  will  be  accomplished 
by  a  series  of  virtual  instruments  within  LabView  software  utilizing  a  Macintosh 
computer.  The  LabView  system  will  also  continuously  record  output  from  each  of 
the  mold  thermocouples  and  pressure  sensors.  LabView  software  has  been 
configured  to  record  data  in  files  on  a  hard  disk  with  the  capability  for  observing 
current  values,  recent  data  history,  and  down  loading  time  segments  of  data  as  the 
molding  cycle  progresses. 

The  H-C  system  and  the  LabView  based  control  and  recording  system  are 
complete  and  installed  at  the  Envirotech  plant.  Testing  to  establish  performance 
limits  are  currently  being  conducted  prior  to  initial  CFT  molding  trials. 

Current  .Effort 

CFT  Molding 

A  three  phase  program  for  molding  the  CFT  as  the  first  directly  formed 
aircraft  frameless  transparency  is  currently  being  conducted.  All  molding  will 
utilize  Dow  300-6  Calibre  polycarbonate  resin.  It  is  expected  that  CFT  molding  will 
be  completed  by  30  September  1993. 

Process  Development  Molding 

Eighty  injection  molding  "shots"  will  be  devoted  to  the  development  of  an 
optimum  process  for  forming  the  CFT.  During  this  molding  phase  process 
parameters  will  be  varied  and  resulting  molded  CFTs  tested  at  the  molding  site  to 
assess  effects. 


Process  Development  Testing 


During  process  development  molding,  each  molded  CFT  will  be  tested  to  assess 
the  effects  of  process  changes  and  to  evaluate  CFT  quality,  repeatability,  and 
performance.  The  results  of  this  testing  will  be  utilized  by  the  molding  team  to 
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polycarbonate  extruded  sheet  and  coupons  cut  from  bent-from-sheet  F-16  canopies 
will  also  be  tested.  Testing  at  the  molding  site  will  include: 


Inspection  and  Evaluation  of  CFTs  for  molding  defects  and  overall 
quality  will  result  in  a  grading  value  for  each  CFT.  All  CFTs  will  be 
subjected  to  this  inspection  and  evaluation. 


Measurement  of  Overadl  Dimensions  to  establish  conformance  to  design 
and  repeatability.  This  data  will  also  be  used  to  evaluate  methods  for 
sizing  the  CFT  mold  cavity. 


Micrometer  Measurement  of  Thickness  at  the  edges  of  dart  test  coupons 
removed  from  CFTs.  This  data  will  be  indicative  of  actual  thickness 
distribution  in  the  CFT  optical  area.  Data  will  be  compared  to  mold  cavity 
thickness  distribution  based  on  dimensional  mapping  of  the  mold  cavity 


and  core.  The  effectiveness  of  the  WL/FIVR  method  for  shrinkage 
distribution  in  cavity  design  will  be  assessed  for  process  parameter  sets. 

Drop  Dart  Impact  testing  to  establish  the  impact  resistance  of  molded 
material  will  be  conducted  after  each  CFT  has  reached  ambient 
temperature.  Six  inch  square  coupons  will  be  cut  from  four  CFT 
locations,  held  in  apparatus  which  matches  the  local  curvature  of  each 
coupon,  and  subjected  to  the  impact  of  a  60  pound  dart  dropped  from 
heights  up  to  23  feet.  The  dart  has  a  1.5  inch  hemispherical  nose. 
Process  parameters  will  be  varied  to  attain  maximum  impact  resistance 
within  the  dart  testing  capability.  Coupons  will  be  subjected  to  impact 
on  both  inside  and  outside  CFT  surfaces. 

Optical  Distortion  Mapping  for  each  CFT  will  be  conducted  utilizing  an 
on  site  Optical  Test  Fixture  {Reference  9).  Angular  deviations  in 
azimuth  and  elevation  will  be  measured  over  the  CFT  optical  surface 
from  the  design  eye  point  Effects  of  process  parameter  changes  will  be 
assessed. 

Light  Transmittance  and  Haze  will  be  measured  for  dart  coupons  before 
impact.  Effects  of  process  changes  will  be  assessed. 


Effectiveness  of  Injection  Molding  Simulation 

During  process  development  molding,  consultants  from  AC  Technology,  the 
vendor  for  the  C-Mold  software  package,  will  join  WL/llVR  and  UDRI  personnel  at 
the  molding  site  for  assessing  the  effectiveness  of  this  simulation  package.  An  on 
site  Silicon  Graphics  Indigo  work  station  will  be  utilized  with  a  CFT  model 
previously  generated  by  LF\VC  and  WL/FIVR  to  simulate  molding  and  generate 
process  parameters.  Process  parameters  generated  by  the  simulation  will  be 
compared  to  the  actual  process  Because  C-Mold  is  intended  for  typical  (see 
Reference  2)  injection  molding  cycles,  it  is  expected  that  major  disagreements  will 
be  evident.  AC  Technology  consultants  will  be  expected  to  provide  changes  to 
modeling  methods.  C-Mold  run  procedures,  and  minor  changes  to  C-Mold  default 
restrictions  which  will  improve  the  accuracy  of  simulation  for  the  low  pressure, 
thick  wall,  long  cycle  CFT  molding  process.  Additionally  the  simulation 
effectiveness  effort  is  expected  to  result  in  recommendations  for  customizing  the  C- 
Mold  package  as  necessary  for  effective  simulation  of  the  direct  forming  process 
for  aircraft  transparencies. 


CFT  Test  item  Molding 

The  process  which  evolves  from  process  development  molding  will  be 
utilized  to  produced  55  identical  CFT  items  to  be  utilized  for  ADP  confirmation  testing 
subsequent  to  the  molding  trials.  As  a  check  on  process  stability  and  to  establish 
repeatability  limits,  every  tenth  CFT  will  be  subjected  to  the  on  site  testing  utilized 
for  process  development.  Depending  on  the  magnitude  of  observed  variation, 
optical  distortion  mapping  may  be  conducted  for  all  CFTs.  All  CFTs  will  be  subjected 
to  inspection  and  evaluation.  Gating  sprues  will  be  removed  from  these  CFTs  by  the 
molding  contractor. 


Fifteen  CFTs  will  be  molded  milling  tne  process  which  evolves  from  process 
development  molding  for  subsequent  application  of  abrasion  resistant  coating. 
These  items  will  then  be  tested  for  effectiveness  of  the  coating  relative  to  material 
properties,  coating  adhesion,  and  bird  impac^  resistance.  The  seventh  of  these  CFTs 
will  be  subjected  to  on  site  testing  to  check  for  continuity  in  molding  process.  All 


CFTs  will  be  subjected  to  inspection  and  evaluation, 
from  these  CFTs  by  the  molding  contractor. 


Gating  sprues  will  be  removed 


Efforts  to  complete  the  development  of  the  ADP  are  currently  concentrated 
on  refinement  of  thermal  and  structural  code  integration,  incorporation  of  an 
optical  code,  and  limited  application  of  the  ADP  to  current  design  tasks. 
Preparations  for  the  Beta  2  evaluation  ar  e  under  way. 

EUlittfcd  Effort 


QT  Testing 

Testing  for  generating  data  to  be  used  to  confirm  the  ADP,  methods  utilized  in 
mold  design,  and  the  effectiveness  of  abrasion  resistant  coating  will  include 
dimensional  mapping,  establishment  of  material  properties,  static  structural 
testing,  and  bird  impact  tesiing.  This  testing  will  begin  at  the  end  of  test  item 
molding  with  dimensional  mapping.  After  mapping,  some  CFTs  will  be  cut  into 
coupons  for  materials  property  testing,  and  some  will  be  shipped  to  coating 
facilities  for  application  of  abrasion  resistant  coating.  Both  coated  and  uncoated 
CFTs  will  be  subjected  to  bird  impact  testing  to  obtain  deflection  time  data  and  to 
determine  failure  conditions.  CFT  testing  is  expected  to  be  complete  by  the  end  of 
calendar  year  1993. 

ADP  development  will  continue  with  the  integration  of  an  optical  code  and 
the  Beta  2  evaluation.  Alter  incorporating  teeubsck  from  potential  users  during 
the  Beta  2  evaluation,  PDA  Engineering,  the  development  contractor  will  prepare 
the  ADP  for  debvery  early  in  calendar  year  1994. 

ADP  Confirmation 


The  ADP  configuration  delivered  at  the  end  of  the  development  contract  will 
be  utilized  to  redesign  the  CFT  based  on  ,ne  same  mission  requirements  and 
geometry  input  set  which  was  used  in  the  original  CFT  design.  Materials  properties 
used  as  ADP  input  will  include  those  resulting  from  CFT  testing. 

If  the  resulting  CFT  design  is  substantially  different  in  thickness,  aft  arch 
cross  sectioTi,  or  thickness  distribution,  then  the  ADP  structural,  thermal,  and 
optical  analytical  modules  will  be  utilized  to  assess  the  CFT  configuration  as  molded 
and  tested  foi  insert  latch  lead  limits,  bird  impact  failure  condition  (including 
origin  or  feiiure),  deflection  histories  for  selected  CFT  surface  points  (including 
points  on  the  aft  arch)  during  the  bird  impact  event,  and  distribution  of  optica! 


distortion.  The  customized  (if  appropriate)  version  of  the  molding  simulation 
software  will  be  exercised  to  obtain  process  parameters  and  mold  design  input. 

Actual  test  results  are  to  be  compared  with  the  CFT  design  goals  or  with  the 
assessed  performance  in  areas  mentioned  in  the  preceding  paragraph.  Where 
differences  exist,  changes  to  modeling  methods,  application  of  analysis  tools, 
methods  of  design  iterations,  or  interpretation  of  material  properties  will  be 
identified  to  improve  this  agreement.  After  making  appropriate  changes,  and  after 
reasonable  agreement  between  ADP  results  and  actual  test  data  has  been  reached, 
the  ADP  will  be  considered  confirmed.  Documentation  of  these  efforts  and 
limitations  of  the  ADP,  including  molding  simulation,  will  be  generated  and 
distributed.  This  documentation  is  expected  to  be  available  in  mid  calendar  year 
1994. 


Technology  Transition 

Transition  of  developed  technology  to  users  was  started  in  the  second 
technology  development  phase  by  actively  involving  potential  users  in  the  ADP 
Beta  1  evaluation.  This  will  continue  with  the  Beta  2  evaluation.  In  parallel  with 
WL/FfVR  testing  to  confirm  the  ADP,  users  will  be  offered  an  opportunity  to  become 
operational  with  the  AD?  and  to  apply  the  ADP  to  design  tasks  which  may  or  may 
not  involve  direct  forming  or  frameless  transparencies.  After  ADP  confirmation 
molding  and  testing,  SM-ALC/TIEC  will  initiate  a  program  to  apply  the  ADP  and 
direct  forming  technology  to  the  development  of  a  directly  formed  (but  not 
trameless)  replacement  for  the  current  F-i6  canopy.  WL/'FiVR  will  support  this 
program  by  providing  technical  consultation  and  assistance. 

Frameless  aircraft  transparency  technology  can  also  be  transitioned  to  users 
when  the  ADP  has  been  confirmed  since  the  transparency  configuration  for  ADP 
confirmation  is  frameiess.  The  frameless  flight  demonstration  to  be  conducted  as  a 
pan  of  the  third  phase  will  complete  the  technology  development. 


Conduct  of  this  technology  development  program  has  been  the  responsibility 
of  WL/'FIVR.  Additionally  VvL/FiVR  has  assumed  a  major  role  in  the  technical 
achievements  and  technical  direction  of  the  program.  Some  aspects  of  the  program 
are  beyond  the  scope  of  WL/FIVR  capabilities  and  could  not  be  accomplished 
without  substantial  contracted  effort.  The  following  list  identifies  contractors 
which  have  been  or  are  now  involved  in  this  program: 

Loral  (formerly  Goodyear  Aerospace)  -  Duett  forming  process 
Subcontractors: 


Envirotech  (formerly  Eiinco)  -  sub  scale  panel  molding 
UDR1  -  sub  scale  panel  testing 

Lockheed  Fort  Worch  Company  (formerly  General  Dynamics)  -  Prime 
contractor  for  initial  ADP  development,  Optical  test  fixture,  CFT  design, 
CFT  mold,  H-C  system,  and  CFf  molding. 
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Subcontractors: 


Envirotech  (formerly  Eimco)  -  CFT  molding  and  sub  scale  panel 
molding 

Delta  Tooling  -  Design  and  fabrication,  CFT  mold  and  removal 
fixture 

Eudzar  (sub  to  Delta)  -  H-C  system  design  and  fabrication 

UDRl,  (under  WL/F1VR  Transparency  Technology  Support  Contracts)  - 
Prime  contractor  for  sub  scale  panel  molding  testing  and  evaluation, 
fabrication  of  CFT  and  panel  test  apparatus,  CFT  insert  fabrication,  CFT 
molding  (coating  evaluation),  ADP  development,  ADP  confirmation 
testing,  and  ADP  confirmation. 

Subcontractors: 

Envirotech  (formerly  Eimco)  -  CFT  molding  and  sub  scale  panel 
molding 

ALCOA  -  Thermoplastic  insert  molding,  sub  scale  panel  molding 
Hettinga  Molding  Equipment  Co.-  sub  scale  panel  molding 
PDA  Engineering  -  ADP  development 

Giddings  and  Lews  -  Dimensional  mapping  of  sub  scale  panels 

funding 

Funding  for  this  effort  has  been  shared  by  WL/FIVR  (30%)  and  the 
Reliability  And  Maintainability  Technology  Insertion  Program  (RAMTIP),  managed 
by  the  U.  S.  Air  Force.  Material  Command,  CSTI/P1PR. 


Conclusions 

1 .  A  low  pressure,  long  cycle  injection  molding  process  has  been  demonstrated 
for  forming  thick  walled,  impact  resistant,  and  transparent  panels  from 
polycarbonate  resins. 

2.  Tailoring  thickness  in  injection  molded  thick-walled  panels  without  loss  in 
material  properties  including  impact  resistance  has  been  demonstr  ated. 

3.  Forces  required  to  pull  latch  inserts  from  thickened  edg's  of  molded  panels 
before  and  after  hot  and  cold  thermal  cycling  indicate  the  feasibility  of  utilizing 
latch  inserts  to  resist  transparency  attachment  loads. 

4.  Thickness  distribution  in  sub  scale  melded  panels  with  directly  formed 
frameless  aircraft  transpar  ency  features  can  be  controlled  with  better 
precision  than  thickness  in  transparencies  formed  using  bent-from-shect 
methods. 
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5.  Fabrication  of  injection  molds  for  frameless  transparencies  with  collapsing 
core  segments  to  permit  removal  of  molded  transparencies  is  feasible. 

Recommendations 

1.  Planned  efforts  for  completing  ADP  development  and  confirmation, 
including  CFT  molding  and  testing,  should  be  completed. 

* 

2.  Actions  to  proceed  with  the  development  and  subsequent  production  of  a  *- 

directly  formed  (but  not  frameless)  F-16  canopy  should  be  launched  when  CFT 

bird  impact  testing  has  indicated  that  injection  molded  monolithic  sections  are 
suitable  for  impact  resistance  in  aircraft  transparencies. 

3.  WL/FIVTR  efforts  to  produce  a  frameless  forward  wind  shield  prototype  should 
proceed  when  CFT  bird  impact  testing  has  indicated  that  injection  molded 
monolithic  sections  are  suitable  for  impact  resistance  in  aircraft 
transparencies. 

4  The  capability  for  designing  directly  formed  aircraf  t  transparencies  to  optical 
requirements  should  be  pursued.  This  capability  should  be  added  to  the  ADP. 

5  An  investigation  to  determine  the  feasibility  of  removing  witness  lines  which 
result  from  segmented  molds  should  be  conducted. 

6.  The  CFT  mold  and  the  H-C  system  should  be  utilized  for  demonstrating 
technologies  related  to  direct  forming  for  aircraft  transparencies.  CFT  molding 
with  abrasion  resistant  film  in  the  mold  before  injection  should  be  considered. 

7.  CFT  molding  for  refining  process  beyond  the  80  shot  process  development 
molding  of  the  current  program  should  be  considered. 

8  Formulation  of  resins  specifically  for  the  low  pressure,  thick  wall,  long  cycle 
process  should  be  considered.  These  formulation  efforts  should  strive  for 
improvements  in  impact  r  sistance  in  monolithic  sections,  higher  temperature 
resistance  for  molded  transparencies,  and  increased  abrasion  resistance. 

9.  The  CFT  mold  and  H-C  system  should  be  utilized  for  qualifying  resins 
formulated  specifically  for  the  direct  forming  of  aircraft  transparencies. 

10.  A  study  to  develop  methods  for  and  the  effectiveness  of  molding 
transparency  panels  with  holes  for  fasteners  should  be  conducted. 

11.  The  H-C  system  developed  for  CFT  molding  should  be  considered  for 

production  molding  of  transparencies  for  field  use.  A  « 
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Abstract 


EiivLotech  has  been  instrumental  in  molding  thick  walled  transparent 
panels  under  projects  funded  by  the  Air  Force  Wright  Laboratories  since  1986. 
More  than  350  flat  and  conical  test  panels  have  been  molded.  Envirotech  is 
presently  conducting  a  molding  program  for  developing  the  process  for  the  first 
full  scale  directly  formed  frameless  transparency. 


This  paper  addresses  injection  molding  practices  applicable  to  forming  thick 
walled  large  transparent  parts.  Low  pressure,  long  process  injection  molding  is 
compared  to  standard  molding  processes.  How  low  pressure  processes  can  produce 
required  dimensional  control,  impact  strength,  and  optical  quality  will  be 
explained.  Transparency  design  features  which  can  simplify  molding  and  enhance 
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Introduction 

Envirotech  has  unique  and  extensive  experience  in  injection  molding  of 
very  large  parts.  Shot  sizes  as  large  as  460  pounds  and  dimensions  as  large  as 
60x80x4  inches  have  been  molded  from  a  variety  of  resins.  The  majority  of  items 
molded  by  Envirotech  are  industrial  and  municipal  products  including  staged 
mining  filters  (Figure  1 )  and  fittings  for  large,  heavy  walled  plastic  piping  (Figure 
2).  Envirotech's  products  are  generally  opaque.  Filled  and  unfilled  resins  are  used. 
Polypropylene,  PVDF  and  nylon  are  the  most  commonly  molded  resins.  Envirotech 
routinely  works  with  innovative  molds  and  the  development  of  processes  which 
economically  produce  large  parts  is  a  specialty.  Envirotech  has  been  involved  in 
the  Air  Force  effort  to  develop  direct  forming  technology  since  1986  and  is 
currently  conducting  fraraeless  transparency  molding  programs  for  the  Air  Force 
as  a  subcontractor  to  Lockheed  Fort  Worth  Company  (LFWC)  and  the  University  of 
Dayton  Research  Institute  (UDRI).  Sub  scale  panels  (Figure  3)  molded  for  the  Air 


Force  were  subjected  to  extensive  testing  including  simulated  in  flight  impacts  with 
birds. 
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Based  on  the  successful  molded  panels,  the  Air  Force  has  funded  design  and 
fabrication  of  a  full  scale  mold  for  the  first  frameless  transparency,  a  heating  and 
cooling  system  for  the  mold,  and  handling  fixtures  for  the  molded  transparency. 
These  items  are  currently  installed  at  the  Envirotech  plant,  where  functional 
checks  are  being  conducted.  Molding  will  consist  of  three  phases:  The  first  80 
shots  will  be  dedicated  to  developing  the  optimum  process  to  produce  impact 
resistance,  optical  clarity,  minimal  optical  distortion,  and  dimensional  consistency. 
A  second  molding  phase  will  produce  55  transparencies  using  the  developed  process 
to  be  tested  off  site  by  the  Air  Force  to  obtain  data  for  confirmation  of  an  Analytical 
Design  Package  (ADP)  for  directly  formed  transparencies  which  includes  injection 
molding  simulation.  The  third  molding  phase  will  produce  15  frameless 
transparencies  which  will  be  used  to  demonstrate  the  effectiveness  of  abrasion 
resistant  coatings.  An  in-depth  discussion  of  this  testing  and  the  technology 
development  program  is  included  in  Reference  1. 

The  purpose  of  this  paper  is  to  contrast  Envirotech's  bulk  molding  process 
with  standard  molding  processes  and  to  discuss  advantages  offered  by  the  bulk 
process  to  molding  of  transparencies. 

Standard  Injection  Molding 


The  main  advantage  of  standard  injection  molding  over  other  thermoplastic 
processes  is  high  production  rates  at  low  cost.  To  do  this,  pans  are  designed  with 
thin  walls  to  decrease  cycle  time.  The  limiting  factor  for  cycle  time  is  how  fast  the 
part  can  be  cooled  to  a  temperature  low  enough  to  eject  the  part  from  the  mold.  Non 
uniform  walls  increase  the  cycle  time  as  the  thicker  sections  are  the  controlling 
feature.  The  experience  of  most  molders  is  that  thick  sections  have  sink  marks 
and/or  voids  especially  where  the  flow  is  from  thin  to  thick  sections.  Proper 
gating  is  a  must  to  avoid  this  problem. 


Injection  molding  is  essentially  flowing  a  fluid  (molten  plastic)  between 
parallel  walls.  The  pressure  required  to  force  fluid  flow  is  inversely  proportional 
to  the  distance  between  the  walls  to  the  third  power.  The  viscosity  of  most  plastics 
is  high  and  flowing  through  small  areas  requires  pressures  from  5,000  psi  to  20,000 
psi.  Some  molding  machines  are  designed  for  pressures  up  to  30,000  psi.  for 
injecting  very  high  viscosity  engineering  plastics. 


During  the  injection  cycle,  the  mold  must  be  held  closed  by  a  clamp.  The 
force  necessary  is  equal  to  the  injection  pressure  times  the  part  projected  area  in 
the  direction  normal  to  the  mold  parting  plane.  For  10,000  psi  injection  pressure, 
the  clamp  force  is  5  tons  per  square  inch. 

The  use  of  chillers  to  keep  the  mold  temperature  low  is  common  practice  in 
injection  molding.  Plastics  are  natural  thermal  insulators  and  the  higher  the 
temperature  differential  between  the  molten  material  (typically  400  -  600  deg  F) 
and  the  mold,  the  greater  will  be  the  removal  of  heat  from  the  part.  Chillers  are 
used  to  lower  the  temperature  of  the  mold  to  as  low  as  40  deg  F. 


Standard  injection  molding  machines  are  usually  fully  automated.  Robots  are 
used  to  install  inserts  and  to  remove  and  handle  the  parts  as  they  come  out  of  the 
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mold.  Hydraulic  rams  and  mechanical  cams  are  used  to  actuate  side  draw  cores  and 
mold  sections  if  needed.  The  molding  cycle  is  fully  automated  with  all  of  the 
different  portions  of  the  cycle  actuated  by  timers.  Operators  are  present  to  monitor 
the  process,  check  parts,  and  usually  do  some  part  finishing. 

Standard  injection  molding  machines  are  very  efficient  when  the  parts  are 
properly  designed  for  the  process  and  the  maximum  automation  and  optimum 
processing  conditions  are  used.  This  results  in  the  maximum  production  rate  and 
the  lowest  unit  costs. 


Standard  Injection  Molding  Summary: 

Molded  parts  with  thin,  nearly  uniform  wall  sections. 

High  injection  pressures  (10,000  to  20,000  psi),  high  injection  rates 
2.5  to  15  tons  per  sq.  in.  clamp  forces 
Chilled  molds 


Highly  automated  tooling  and  molded  part  handling 


Short  molding  cycles,  maximum  part  production  rate 

Standard  molding  is  a  well  developed  practice  which  is  at  its  best  for  small  or 
tnin  waneu  parts  w men  uiiiSi  uc  jji 0uUC6u  at  high  rates,  Existing  simulation 
software  packages  have  been  developed  for  this  type  of  molding.  Many  of  the 
characteristics  which  make  the  standard  molding  optimum  for  small  thin  walled 
parts  are  not  appropriate  for  large  parts  with  thick  walls.  The  high  injection 
pressure  related  to  production  rate  and  fast  injection  would  necessitate  very  large 
clamping  capacities  for  large  items. 

Bulk  Injection  Molding 


Early  in  the  1960's  a  need  was  seen  for  thick-walled,  heavy  plastic  industrial 
parts  to  be  used  as  replacements  for  stainless  steel  and  other  exotic  alloys  used  in 
the  chemical  process  industries.  Equipment  was  designed  and  process  parameters 
were  determined  that  allowed  plastics,  mostly  polypropylene  at  the  start,  to  be 
molded  in  sections  from  3/8  to  5  inches  with  sinks  and  the  other  problems 
associated  with  thick  sections.  The  molding  equipment  was  not  automated  because 
none  of  the  parts  required  high  volume  production  and  manual  operation  was  less 
costly  overall.  This  process,  which  concentrated  on  molding  very  large  parts  with 
thick  walls  and  with  limited  production  rates,  was  termed  bulk  injection  molding. 


Several  benefits  associated  with  bulk  injection  molding  have  been 
discovered.  Material  flowed  readily  and  filled  molds  at  1,000  psi  or  less.  This  means 
that  clamping  pressure  could  be  1/2  ton  per  square  inch.  For  a  given  clamp 
capacity,  much  larger  parts  could  be  molded.  Low  injection  pressure  requires  that 
molds  be  heated  to  produce  a  smooth  surface  finish.  Even  for  industrial  pans,  an 
acceptable  surface  could  not  be  produced  unless  the  mold  was  heated.  This  resulted 
In  very  long  cycle  times  required  to  cool  the  part  and  to  pack  in  additional  material 
as  the  pan  shrank.  With  long  cooling  time,  the  hot  mold  is  a  natural  annealing 
fixture,  therefore,  bulk  molded  parts  have  low  molded-in-stress.  Since  stress 


reduces  impact  strength  in  polycarbonate,  transparencies  must  be  molded  with 
minimal  residual  stress.  High  injection  pressure  and  cold  mold  surfaces  are  known 
to  induce  stress  in  molded  parts. 

The  equipment  designed  for  the  bulk  injection  molding  process  allows 
greater  freedom  in  gating  most  parts.  This  equipment  permits  gating  into  the 
thickest  sections  and  permits  part  designs  with  large  differences  in  wall  thickness. 
Material  can  be  readily  packed  into  thick  sections  reducing  sinks  and  voids. 

Bulk  Injection  Molding  Summary: 

Thick  cross  sections  3/8  in.  minimum 

Injection  pressures  1,000  psi  or  less 

1/2  tons  per  sq.  in.  or  less  clamp  force 

Wide  variations  in  cross  section  thickness  can  be  molded 

Long  pack  times,  reduction  of  voids  and  sinks 

Heated  molds  for  good  surface  finish 

Manual  operation  for  most  molding 


.Conclusion 

Bulk  injection  molding  offers  the  following  advantages  to  molding  aircraft 
transparencies; 

1.  Thick  monolithic  parts  can  be  molded  with  minimal  residual  stress. 

2.  Thickened  edges,  relative  to  the  optical  area,  can  be  molded. 

This  permits  elimination  of  a  bolted  or  bonded  frame. 

3.  Thickness  can  be  tailored  over  the  entire  part  to  match  local  structural 
or  optical  needs. 

4.  Production  of  one  transparency  per  hour  is  possible. 

5.  Materials  can  be  molded  which  are  not  normally  available  in  sheet  form. 
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Figure  3 
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Abstract 

An  Optical  Test  Fixture  (OTF)  developed  for  WL/FIVR  for  evaluating  directly  formed 
and  frarneless  transparencies  at  molding  sites  has  been  evaluated  and  will  be 
utilized  to  determine  optical  quality  of  injection  molded  transparencies.  The  OTF 
features  an  external  collimated  light  source  directed  through  a  rotating  test 
transparency.  A  computerized  system  synchronizes  rotational  position  with 
televised  screen  images  of  the  light  source  which  has  passed  through  the  canopy. 
The  light  image  position  in  captured  screens  is  compared  to  an  image  without  the 
transparency.  Changes  in  the  image  position  due  to  the  transparency  are  utilized 
to  calculate  angular  deviation  in  azimuth  and  elevation.  Distribution  of  angular 
deviation  can  be  obtained  and  displayed  over  large  azimuth  and  elevation  sweeps. 

This  paper  includes  a  discussion  of  unique  OTF  features,  mounting  of 
transparencies,  and  conduct  of  evaluation  runs.  Optical  evaluation  results  for  a 
control  transparency  is  presented.  OTF  data  are  compared  to  results  obtained 
utilizing  another  apparatus.  The  plan  for  using  the  OTF  as  an  on  site  facility  to 
optimize  transparency  direct  forming  processes  is  discussed. 

IatrQduaiQn 

Under  a  current  US  Air  Force  effort,  technology  which  permits  fabrication 
of  aircraft  transparencies  directly  from  bulk  resin  is  being  developed  (ref  1).  As 
opposed  to  traditional  transparency  forming  by  bending  previously  extruded  sheets 
to  transparency  shapes,  direct  forming  permits  closely  controlled  tailoring  of 
thickness  over  the  transparency.  In  addition  to  permitting  fabrication  of 
transparencies  optimized  for  structural  and  impact  loading,  and  elimination  of 
peripheral  frames  ("frameless"),  the  potential  for  varying  thickness  in  optical 
areas  to  obtain  optimum  optical  quality  for  a  given  external  geometry  is  afforded. 

Low  pressure  injection  molding  is  the  direct  forming  process  currently 
being  demonstrated  by  the  Air  Force  effort.  It  has  been  shown  that  the  precision 
with  which  thickness  can  be  controlled  is  as  much  as  an  order  of  magnitude  better 
than  can  be  achieved  in  bent  sheet  forming  when  curvature  and  depth  are 
extreme.  Further,  it  is  known  that  precise  control  of  the  relationship  of  the  inside 
to  outside  transparency  surfaces  is  dependent  on  injection  molding  process 
parameters  including  zoned  temperature  control  of  the  mold. 
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Initial  molding  of  a  transparency  configuration  includes  optimizing  the 
molding  process.  A  series  of  molded  transparencies  will  be  necessary  to  establish 
the  molding  process.  Testing  at  the  molding  site  to  insure  that  design  objectives  are 
being  met  are  essential.  In  addition  to  coupon  impact,  dimensional  accuracy  and 
consistency,  and  molded  quality  inspection,  confirmation  of  optical  quality  and 
consistency  will  be  necessary  to  assure  that  the  process  produces  the  desired  optical 
design.  Direct  forming  implies  a  transparency  production  rate  of  about  one  per 
hour. 


The  OTF  was  developed  for  the  Air  Force  program  by  Lockheed  Fort  Worth 
Company  (L.FWC,  formerly  General  Dynamics,  Fort  Worth  Division).  Requirements 
for  this  apparatus  included: 

Portability  to  permit  relocation  at  molding  sites. 

Automated  data  acquisition  and  processing  to  permit  on-line  feedback. 
Data  sampling  over  a  wide  azimuth  and  elevation  range 
Emphasis  on  geometry  related  optics  (angular  deviation) 

Quick  and  accurate  mounting  of  test  transparency 

Eliminate  need  for  reflective  screens,  target  boards  and  photographs 

Eliminate  the  need  for  personnel  with  special  interpetative  skills 

GeQtne.tr>'  Related-Optics 


Optical  performance  in  aircraft  transparencies  can  be  expressed  in 


quantifications  or  characterizations  oi  distortion,  binocular  disparity, 


<iLi£ular 


deviation,  displacement,  haze,  transmission  loss,  multiple  imaging,  and 
birefringence.  Angular  deviation  (Figure  1)  is  caused  by  relatively  local  areas  of 
nonparallelism  as  well  as  overall  nonparallelism  of  transparency  surfaces.  Lateral 
displacement  (also  Figure  1)  is  a  small  constant  effect  which  is  normally  neglected 
as  small  relative  to  the  image  distance.  Angular  deviation  can  be  measured  by 
comparing  the  displacement  of  some  form  of  "line  of  sight"  like  a,  laser,  or 
theodolite  when  the  "line  of  sight"  passes  through  the  transparency.  Distortion  is 
often  defined  as  the  rate  of  change  of  angular  deviation.  The  OTF  is  an  apparatus 
for  determining  angular  deviation.  Light  transmission  and  haze  will  also  be 
evaluated  at  molding  sites  utilizing  a  haze  meter  under  standard  conditions.  Other 
optical  anomalies  may  become  important,  but  are  not  presently  being  considered 
for  on  line  feedback  at  molding  sites.  The  OTF  can  be  utilized  to  evaluate  binocular 
disparity  by  gathering  and  combining  angular  deviations  with  the  transparency 
positioned  for  right  and  left  eye  positions. 


Figure  1  Graphical  Representation  of  Angular  Deviation  (ref  3) 


The  OTF  consists  of  a  transparency  mounting  platform  which  rotates  about  a 
vertical  axis  and  an  arm  which  rotates  about  a  horizontal  axis  while  holding  a 
collimated  light  source  and  a  video  camera  so  that  the  collimated  light  is  coincident 
with  the  camera  optical  axis.  Test  transparencies  are  mounted  so  that  the  eye  point 
is  located  at  the  intersections  of  the  platform  and  arm  rotation  axies.  For  given  arm 
positions  (elevation),  the  mounting  platform  is  rotated  (azimuth  sweep)  at  a 
controlled  speed.  During  the  azimuth  sweeps  at  each  elevation  setting,  video  screen 
grabbing  software  captures  the  collimated  light  source  image.  The  combination  of 
image  capture  frequency  and  mounting  platform  rotational  speed  determines  the 


MECHANICAL  FIXTURE 
AND  INSTRUMENTATION 


azimuth  position  at  the  time  of  image  capture.  The  mounting  platform  moves 
continuously  between  azimuth  extremes.  The  video  camera  focal  plane  is  inside 
the  transparency  (located  at  the  design  :ye  point)  and  fixed  with  respect  to  the 
elevation  arm  at  the  arm  rotational  axis.  An  in  depth  description  of  the  OTF  is 
included  in  reference  2.  The  OTF  mechanical  arrangement  is  shown  in  Figures  2 
and  3. 


Variable  speed  permanent  magnet  motors  are  utilized  for  the  mounting 
platform  and  elevation  arm  chain  drives.  A  position  potentiometer  is  also  driven  by 
each  chain.  Output  from  the  potentiometers  is  fed  back  to  control  circuits  within 
the  PC  for  precise  control  of  the  mounting  platform  speed  and  position  and  for 
position  of  the  elevation  arm. 

The  OTF  is  configured  to  cover  maximum  elevation  and  azimuth  ranges  of  -14 
to  34  and  -80  to  80  degrees  respectively.  Default  angle  increments  are  two  degrees. 
Ranges  less  than  maximum  and  the  angle  increment  can  be  can  be  chosen  by  the 
operator. 


Figure  3  Optical  Test  Fixture 


Captured  video  screens  are  262  by  144  pixtels  (about  10  by  7  inches).  Prior  to 
initiation  of  azimuth  sweeps,  PC  software  prompts  the  OTF  operator  to  set  a  threshold 
which  ignores  illuminated  pixtels  outside  the  circular  (10  pixtel  diameter) 
coliimaied  light  image.  A  two  stage  search  of  each  video  screen  is  conducted  to 
locate  the  light  image  centroid.  The  first  search  covers  the  entire  screen  and 
results  in  a  rough  location.  An  area  (approximately  2  inches  square)  is  then 
searched  which  results  in  a  more  precise  centroid  location.  Angular  deviation  in 
azimuth  and  elevation  directions  are  computed  by  comparing  the  light  image 
centroid  position  to  the  reference  (transparency  not  mounted)  image  position. 


OTF  Operation 


The  entire  OTF  operation  routine  is  controlled  by  ?C  software  which  prompts 
the  operator  for  a  sequence  of  actions.  The  OTF  routine  includes  the  following 
SCtiGiiS. 


Enter  data  file  header  information. 

Set  azimuth  and  elevation  ranges  and  limits 

Adjust  pixel  illumination  threshold 

Establish  reference  screen  and  light  image  position 

Mount  test  transparency 

Set  platform  and  elevation  arm  zero  positions 

Conduct  rotational  speed  check  runs  and  return  to  zero  positions 

Initiate  azimuth  sweeps  and  data  gathering  routines 

Close  data  files 

Check  data  validity  utilizing  PC  software  for  reading  and  plotting  files 
Remove  transparency 

After  five  tear  down,  move,  and  set  up  cycles  for  the  CFT,  portability  can  be 
said  to  require  three  persons  for  four  hours  for  each  tear  down  and  pack  or  for 
each  unpack  and  set  up.  The  entire  OTF  including  PC,  all  control  equipment,  and 


tools  for  operating  and  assembly  can  be  packed  in  a  crate  approximately  6  x  10  x  7 
feet. 


Approximately  45  minutes  was  required  to  complete  25  azimuth  scans 
required  to  cover  the  maximum  OTF  range  at  2  degree  increments.  A  60  minute  total 
evaluation  time  would  including  time  for  pre  and  post  run  operations. 

Typical  Tssiitesulis 


Data  files  saved  to  the  PC  hard  disk  contain  angular  deviations  for  azimuth 
and  elevation,  intermediate  centroid  calculation  values,  and  speed  and  timing 
information.  Menu  driven  software  is  provided  to  convert  these  files  from  binary 
to  text  format.  Data  manipulation  and  plotting  software  is  provided  which  can  be 
used  to  produce  data  listings,  histograms,  statistical  representations,  contour  or 
shaded  angular  deviation  maps,  distortion  grid  plots,  and  data  comparisons  for 
different  transparencies. 

Figures  4  and  5  are  representative  of  angular  deviation  contour  maps  and 
histograms  for  azimuth  and  elevation  respectively.  Contour  maps  are  generally 
printed  in  color.  Figure  6  shows  combined  azimuth  and  elevation  angular 
deviations  in  distortion  plots  employing  gain  levels  of  1,  5,  and  10  to  amplify  areas 
(bands  for  this  canopy)  of  relatively  high  distortion. 

Repeatability. 


The  demonstrate'’  OTF  repeatability  for 
deviations  at  the  same  point  is  .07  milliradiaas. 


i  cpcatculy  measuring 


(UlguiCU 


A  flight  worthy  (acceptable  angular  deviations  less  than  10  milliradians) 
laminated  F-16  canopy  was  adopted  for  repetitive  OTF  evaluations.  Considering  two 
evaluations  by  LFWC  at  the  original  set  up  site,  one  evaluation  after  a  LFWC 
relocation,  and  two  evaluations  after  moving  the  OTF  to  Wl/FIVR,  repeatability 
within  ,2  milliradians  was  observed  for  given  data  points. 


A  second  control  transparency  was  a  very  old  monolithic  F-16  canopy  which 
has  several  scuffs  and  scratches  in  the  outside  surface.  Only  the  forward  portion  of 
this  canopy  (removed  by  cutting  at  approximately  the  maximum  cross  section)  was 
evaluated.  Opaque  tape  two  inches  wide  was  added  to  the  outside  surface  of  thi 
canopy  surface  simulating  an  aft  arch.  This  configuration  roughly  simulates  the 
geometry  of  a  fighter/trainer  forward  windshield.  Repeated  OTF  evaluation.;  before 
and  after  moving  the  OTF  at  WL/FIVR  also  indicate  repeatability  within  .2 
milliradians. 

Qualification 


In  order  to  confirm  OI  F  capability,  OTF  evaluations  were  compared  to  angular 
deviation  evaluations  conducted  by  Armstrong  Laboratory'  (AL),  Human  System 
Division  at  Wright  Patterson  AFB.  The  flight  worthy  F-16  canopy  utilized  as  an  OTF 
control  transparency  was  evaluated  by  AL  utilizing  a  fixture  developed  by  them.  A 
second  F-16  canopy  retained  and  evaluated  by  AL  was  evaluated  by  WL/FIVR 
utilizing  the  OTF.  The  transparency  areas  evaluated  were  limited  to  the  area  (-2 
through  -12  degrees  elevation,  -10  through  10  degrees  azimuth,  at  2  degree 
increments)  usually  covered  by  AL  for  F-16  canopies. 
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Figure  4  Histogram  -  Elevation  Deviation  -  milliradians 


WL/FIVR  Optical  Evaluation 

18  Feb  93 

F-16  Canopy  P/N  183100-01  S/N  492 


Figure  S  Histogram  -  Azimuth  Deviation  -  milliradians 
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Figure  6  WL/FIVR  Optical  Evaluation 

18  Feb  93 

F-16  Canopy  P/N  1831004)1  S/N  492 


Deviations  -  Gain  1 


eye  point 
FS  140 
BL  0 
WL  125.5 


Deviations  -  Gain  5 


Deviations  -  Gain  10 


Azimuth 


deg 


n*7 


The  AL  evaluations  were  conducted  utilizing  the  Windscreen  Angular 
Deviation  Measuring  Device  (WADMD).  The  WADMD  is  a  fixed  location  device  based 
on  a  collimated  light  source  internal  to  the  transparency  and  an  external  receiving 
unit.  A  function  of  the  light  source  is  to  project  an  L  shaped  beam  through  the 
transparency.  The  receiving  unit  splits  the  L  shaped  beam  into  separate  legs  for 
azimuth  and  elevation.  Each  of  these  beams  is  projected  on  a  charge  coupled  linear 
array  which  (with  associated  electronics)  quantifies  beam  position.  Comparing 
beam  positions  with  "no  transparency"  beam  positions  yields  angular  deviations  for 
azimuth  and  elevations.  A  more  rigorous  description  of  the  WADMD  is  included  in 
reference  3. 

Figure  7  is  a  histogram  showing  a  distribution  of  the  absolute  value  of  the 
angular  deviation  difference  for  one  evaluation  of  the  same  transparency  on  the 
OTF  and  on  the  WADMD.  Results  are  within  1.4  milliradians  for  75%  of  the  data  and 
within  3.5  milliradians  for  96%  of  the  data.  A  few  (8  of  264)  wild  points  are  believed 
to  have  resulted  from  local  damage  or  contamination  on  the  transparency  surface. 
These  differences  also  include  unknown  effects  of  transparency  mounting  and 
relative  accuracy  of  angular  positioning.  Reference  4  includes  data  lists  and  more 
information  on  this  comparison. 


Figure  7  Histogram  -  Absolute  Difference  Between  OTF  and  WADMD 


Conclusions 


1.  The  OTF  can  be  utilized  to  measure  angular  deviation  over  a  large 
transparency  area. 

2  The  OTF  is  portable  to  the  extent  that  relocation  at  potential  transparency 
molding  sites  is  feasible. 

3.  A  60  minute  OTF  evaluation  cycle  time  is  compatible  with  anticipated 
production  rates  for  directly  formed  (injection  molded)  transparencies. 

4.  Based  on  evaluation  of  the  same  transparency,  and  a  limited  transparency 
area,  the  OTF  results  are  in  good  agreement  with  those  produced  utilizing  the 
WADMD. 


Recommendations 

1.  The  effectiveness  and  applicability  of  OTF  evaluations  to  evolution  of  direct 
forming  processes  (injection  molding)  should  be  established  as  a  part  of  the  first 
molding  program. 

2.  Although  the  OTF  was  developed  to  support  the  development  of  technology 
for  directly  formed  and  frameless  transparencies,  this  device  should  be  considered 
for  angular  deviation  evaluations  for  transparencies  in  general. 
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ABSTRACT 

Technology  for  directly  forming  aircraft  transparencies  is  currently  being 
developed  under  a  US  Air  Force  program.  As  part  of  this  effort,  sub-scale  flat 
panels  have  been  injection  molded  from  various  polycarbonate  resins.  One  of  the 
capabilities  of  the  new  technology  is  precisely  controlled  thickness  tailoring.  A 
series  of  bird  impact  tests  has  been  conducted  to  demonstrate  the  relative 
suitability  of  the  resins  for  designing  and  molding  full-scale  frameless 
transparencies.  Deflection  shapes  during  the  impact  event  were  derived  from 
high-speed  photographic  data  utilizing  an  Air  Force  developed  triangulation 
technique.  An  explicit  finite  element  analysis  was  qualified  by  comparing 
predicted  deflection  shapes  with  the  experimental  data.  Once  qualified,  the 
analytical  technique  was  utilized  to  conduct  a  limited  study  illustrating  the 
effectiveness  of  thickness  tailoring  for  weight  reduction  while  maintaining  bird 
impact  resistance  and  acceptable  deflection. 
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William  R.  Braisted  and  Marc  A.  Huelsman  (UDRI) 
William  R.  Pinnell  (WL/FIVR) 


INTRODUCTION 

Recent  advances  in  manufacturing  technology  permit  the  fabrication  of 
large,  thick-walled,  transparent,  impact  resistant  plastic  components  by  injection 
molding.  This  method  of  manufacturing  eliminates  the  necessity  of  a  constant¬ 
thickness  transparency,  removing  the  need  for  a  separate  frame  and  its  associated 
fasteners.  The  techniques  required  to  manufacture  transparencies  by  injection 
molding  are  being  developed  as  part  of  the  Air  Force  effort  to  develop  technology 
for  directly  formed  and  frameless  aircraft  transparencies.  This  effort  has  been 
referred  to  as  the  Frameless  Transparency  Program  (FTP).  As  part  of  this 
program,  candidate  materials,  injection  molding  parameters,  and  different 
configurations  for  attaching  frameless  transparencies  to  aircraft  are  being 
evaluated.  During  the  next  phase  of  the  FTP,  a  windshield-size  transparency 
having  a  mold-line  shans  based  on  the  forward  half  of  the  current  F-16  aircraft 
canopy  will  be  molded.  This  Confirmation  Frameless  Transparency  (CFT)  will  not 
be  a  Right  item,  but  will  become  the  subject  of  extensive  optical  and  structural 
testing.  CFT  test  results  will  form  the  basis  for  confirming  an  Analytical  Design 
Package  (ADP),  which  is  currently  under  development,  for  the  directly  formed  and 
frameless  transparency  concept. 

Structural  integrity  of  the  injection  molded  transparency  systems  must  be 
maintained  during  a  bird  impact.  This  paper  describes  bird  impact  testing  and 
triangulation  analyses  conducted  to  evaluate  structural  performance  of  several 
candidate  CFT  resins.  Birdstrike  results  were  used  to  confirm  the  explicit  finite 
element  analysis  code,  X3D,  which  is  being  integrated  into  the  ADP.  Finally,  a 
series  of  X3D  analyses  was  performed  to  demonstrate  how  the  ADP  can  be  used  to 
design  a  canopy  with  a  tailored  thickness  to  provide  a  lightweight  transparency 
with  the  required  birdstrike  protection.  This  thickness  tailoring  capability  with 
the  associated  weight  savings  is  a  primary  advantage  of  a  directly  formed 
transparency  design. 


BIRDSTRIKE  TESTING 

The  ability  to  injection  mold  transparency  materials  which  maintain 
structural  integrity  during  a  bird  impact  is  one  of  the  primary  objectives  of  the 
FTP.  A  birdstrike  test  program  was  conducted  at  the  University  of  Dayton 


Research  Institute  (UDRI)-to  evaluate  the  birdstrike  resistance  of  panels  molded 
utilizing  an  Envirotech  molding  machine  and  several  candidate  CFT  resins  [1]. 
The  test  article  was  a  relatively  flat  injection  molded  polycarbonate  panel, 
depicted  in  Figure  1.  The  thickened  edge  sections  of  the  panel  represent  a 
potential  method  for  eliminating  the  frame  used  in  current  transparency  designs. 
Inserts  can  be  molded  into  the  thickened  edge  regions  to  attach  the  transparency 
directly  to  the  aircraft.  The  panel  also  contains  a  coupling  region  which 
represents  a  coupling  between  two  panels  as  might  occur  between  a  windshield 
and  a  canopy. 


Figure  1.  Injection  Molded  Panel  Geometry. 


The  polycarbonate  panels  that  were  tested  were  molded  from  four  different 
Dow  resins,  namely,  XU-5.5,  300-15,  300-6,  and  300-4.  The  testing  objective  was 
to  identify  the  birdstrike  threshold  of  each  resin  to  determine  if  one  resin  was 
preferable  based  upon  the  birdstrike  resistance. 

Birdstrike  testing  to  support  the  FTP  was  performed  in  the  UDRI  Impact 
Physics  Laboratory  with  a  seven  inch  internal  diameter  gun.  Plastic  sabots  were 
used  to  deliver  the  2.0  lb  artificial  birds  to  the  target.  The  Air  Force  test  fixture 
allowed  for  adjustments  so  that  the  panel  could  be  positioned  at  the  appropriate 
height  for  the  gun  barrel  while  maintaining  a  30  degree  impact  angle.  Laser 
timing  equipment  was  used  to  compute  impact  velocity  and  synchronized  high¬ 
speed  cameras  were  used  to  record  each  shot. 


During  testing  the  panels  were  clamped  to  the  fixture  on  three  sides, 
leaving  the  aft  edge  (coupling  region)  unrestrained.  Rubber  pads  were  placed 
between  the  test  fixture  and  the  panel  along  the  clamped  edges  to  prevent  the 
panel  from  being  in  direct  contact  with  the  steel  fixture.  The  support  clamps  were 
tightened  until  compression  of  the  rubber  pads  was  visible. 

Each  impact  test  was  performed  in  the  same  manner,  except  that  the  bird 
velocity  was  varied.  The  impact  location  was  a  point  on  the  panel  centerline,  9" 
forward  of  the  aft  edge,  as  indicated  in  Figure  2.  Projectiles  used  in  the  test, 
program  were  2.0  lb  artificial  birds  molded  from  gelatin  [2].  The  bird  geometry 
was  a  right  circular  cylinder  with  a  3.5"  diameter  and  a  6.0"  nominal  length. 
Minor  adjustments  were  made  to  the  bird  length  to  obtain  the  2.0  lb  weight 
specification. 


TRIANGULATION  ANALYSIS 

A  method  for  obtaining  deflection-time-history  data  for  points  on  a 
transparency  during  a  bird  impact  event  has  been  developed  by  the  Air  Force  [3]. 
This  triangulation  method  determines  point  locations  as  functions  of  time  from 
two  simultaneous  high-speed  film  images,  known  pre-test  point  locations,  and 
known  camera  positions.  Appropriate  camera  positions,  which  were  selected  based 
upon  light  requirements,  lens  combinations,  camera  mounting  sites,  and  camera 
shielding  requirements,  are  depicted  in  Figure  3. 

A  coordinate  system  (triangulation  space)  was  defined  at  the  test  site  to 
define  the  relative  positions  of  the  triangulation  cameras  and  the  initial  location  of 
the  points  on  the  panel.  Acrylic  paint,  which  does  not  degrade  the  polycarbonate, 
was  used  to  mark  the  points  on  the  panel  with  a  template  having  a  known  grid 
spacing  as  indicated  in  Figure  4. 

Calibration  data  was  obtained  for  each  camera/lens/shield/projection 
combination  to  account  for  the  magnification  of  the  cameras,  lenses,  protective 
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Figure  4.  Panel  Grid  Definition. 

shielding,  and  projection  equipment  used  in  the  birdstrike  testing.  A  calibration 
film  was  generated  by  exposing  several  film  frames  with  the  camera  positioned  at 
various  distances  away  from  a  uniform  grid  board.  During  calibration  the 
distance  between  the  camera  and  grid  board  was  varied  over  a  range  of  distances 
which  encompassed  all  likely  point-to- camera  distances  to  occur  during  the 
birdstrike. 


t 


To  insure  results  validity,  a  single  projector  and  projection  size  (15"  x 
11.125")  was  maintained  for  all  triangulation  data  reduction.  A  calibration  film 
was  loaded  into  the  projector  and  measurements  were  made  from  behind  a 
transparent  screen  to  determine  the  length  of  three  2"  grid  spaces  at  several 
different  locations  and  orientations  on  the  image.  A  magnification  factor  was 
computed  by  dividing  the  known  actual  length  by  the  measured  projected  image 
length  from  the  calibration  film.  Results  from  the  measurements  made  at  several 
different  locations  and  orientations  on  the  projection  were  averaged  to  determine 
an  effective  magnification  factor  at  each  grid  distance.  Linear  regression  was  used 
to  determine  a  relationship  between  magnification  factor  and  distance  for  each 
camera. 

After  the  test  the  triangulation  films  were  examined  to  identify  the  film 
frame  at  or  just  prior  to  impact  (frame  0)  in  order  to  sequence  the  cameras.  Using 
the  same  projection  size  that  was  used  in  the  calibration  effort,  the  film  from  one 
of  the  cameras  was  loaded  into  the  projector  and  advanced  to  frame  0.  The  data 
reduction  procedure  entailed  placing  a  piece  of  tracing  paper  behind  a  transparent 
screen  and  recording  the  positions  of  each  grid  point  at  every  frame  of  interest 
over  the  impact  event.  Several  points  which  remained  stationary  during  the 
impact  event,  such  as  a  portion  of  the  support  frame,  were  also  traced  to  align 
each  frame  image  properly  prior  to  data  collection. 

At  the  end  of  the  tracing  procedure,  there  was  a  tracing  sheet  for  each 
camera  which  indicated  the  change  in  position  of  the  grid  points  during  the  impact 
event.  For  each  grid  point  of  interest,  data  files  consisting  of  azimuth  (AZI)  and 
elevation  (ELE)  data  from  each  triangulation  camera  were  generated.  The 
positive  ELE  direction  is  defined  on  the  tracing  sheet  as  the  direction  opposite  of 
the  bird  path.  For  a  rear  projection  tracing  the  positive  AZI  direction  is  defined 
such  that  the  resultant  of  AZI  crossed  with  ELE  is  in  the  direction  away  from  the 
origin  of  the  projected  image.  The  AZI/ELE  data  was  generated  using  a  digitizing 
tablet  to  extract  the  coordinates  and  to  record  them  in  a  file. 

A  common  pulsating  timing  light  signal  on  the  films  was  used  to  calculate 
the  frame  rate  of  each  camera.  For  the  triangulation  algorithm  to  function 
properly,  both  cameras  must  provide  information  about  the  motion  of  a  particular 
point  at  the  same  instant  in  time.  When  the  frame  rates  of  the  two  cameras  vary 
significantly,  the  effects  of  simultaneity  can  be  lost.  The  Air  Force  triangulation 
program  contains  modules  to  normalize  the  faster  camera  data  to  the  frame  rate 
of  the  slower  camera. 

With  the  normalized  AZI/ELE  data  files  for  each  camera,  the  camera  frame 
rates,  the  calibration  films,  and  the  coordinate  data  for  the  cameras  and  panel 
grids,  the  triangulation  code  was  executed.  The  triangulation  cede  runs  on  an 
IBM  compatible  PC  under  GW  BASIC.  Output  from  a  triangulation  analysis  was 
a  single  file  which  indicated  the  deflection-time-history  of  a  single  grid  point 
during  the  birdstrike.  To  evaluate  the  deflection  response  of  other  points  on  the 


transparency  the  triangulation  program  was  rerun.  Once  the  deflection  of  several 
points  was  evaluated,  the  results  were  combined  to  determine  the  deflected  shape 
of  the  transparency  at  various  times  during  the  impact  event. 


X3D  FINITE  ELEMENT  ANALYSIS 

An  impact  analysis  was  performed  using  the  X3D  finite  element  analysis 
code  [4].  The  objective  of  the  impact  analysis  was  to  determine  analytical 
deflection-time-history  data  which  could  be  correlated  with  tri angulation  results. 
The  X3D  analyses  simulated  a  2.0  lb  artificial  bird  impacting  a  panel  at  256  knots. 
The  30  degree  angle  between  the  surface  of  the  panel  and  the  bird  path,  as  well  as 
the  impact  point,  matched  the  configuration  of  the  test  program. 

Figure  5  shows  the  model  constructed  within  the  ADP  for  the  bird  impact 
simulation.  The  panel  was  assumed  to  be  rigidly  constrained  along  the  forward 
edge  and  along  the  panel  edge  opposite  the  centerline.  Symmetry  conditions  were 
enforced  along  the  panel  centerline.  The  model  contained  1200  shell  elements  in 
the  panel  and  960  tetrahedral  elements  in  the  bird,  and  potential  contact  surfaces 
on  both  the  panel  and  bird.  Note  that  X3D  permits  modelling  of  both  the  target 
panel  and  the  impacting  bird.  Algorithms  in  X3D  automatically  account  for  the 
contact  conditions  so  that  no  ad  hoc  loading  condition  or  estimation  of  the  impact 
zone  was  necessary. 


Figure  5.  X3D  Impact  Analysis  Model. 


The  polycarbonate  material  was  modelled  using  the  following  material 
property  data  obtained  from  1991  CfT  materials  characterization  testing  [5]: 

E  =  300,000  psi  H  =  7,000  psi  v  »  0.39  D  =  l.E+07  sec'1 

p  =  0.000111  lbj- -sec2/in4  p  *  14  ay  =  7,970  psi  ou  =  16,400  psi 

Note  that  the  polycarbonate  material  model  in  X3D  is  a  bilinear  stress-strain 
curve  with  strain  rate  dependence  and  ultimate  failure.  The  artificial  bird 
material  was  represented  by  the  following  material  properties  [4j: 

p  =  0.0000888  lbf  -sec2/in4  G  =  30,000  psi  H  =  300  psi  a..  =au  =  3,000  psi 

Kx  =  337,000  psi  Kj  =  729,000  psi  Kg  =  2,020,000  psi  =  1,000  psi 

This  represents  what  is  referred  to  in  the  X3D  manual  as  a  low  strength  bird 
model.  A  high  strength  bird  model  with  au  -  4,500  psi  (=500%  plastic  strain  to 
failure)  was  considered,  but  these  bird  properties  resulted  in  deflections 
considerably  larger  than  the  experimental  results  indicated. 


The  X3D  solution  was  performed  for  10.0  milliseconds  with  displacement 
and  stress  results  being  generated  every  0.5  milliseconds.  The  X3D  trace  option 
was  used  to  determine  the  deflcction-time-history  response  of  nodes  which 
corresponded  to  the  panel  grid  points  on  the  centerline.  Thus,  trace  results  were 
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RESULTS  AND  DISCUSSION 

Results  of  the  0.75"  polycarbonate  panel  birdstrike  testing  are  summarized 
in  Table  1.  The  0.75"  thick  panels  were  studied  in  great  detail  because  the  CFT 
will  be  that  thickness,  and  the  birdstrike  threshold  of  each  resin  was  desired  to 
help  determine  the  optimal  CFT  material.  [1,  6,  7] 

The  impact  thresholds  of  the  three  candidate  CFT  materials  for  the  0.75" 
panels  are  summarized  in  Table  2.  Note  that  the  XU-5.5  was  evaluated  in  the 
test  program,  but  the  resin  was  experimental,  not  as  well  characterized  as  the 
other  resins,  and  not  available  in  sufficient  quantities  for  use  in  the  CFT.  Results 
show  a  slight  decrease  in  birdstrike  resistance  with  an  increase  in  melt  flow  index 
(dashed  number  in  the  resin  name)  for  the  Dow  300  resins,  but  the  effect  does  not 
appear  to  be  significant  based  on  the  limited  test  data.  For  the  purposes  of  CFT 
materials  selection  any  of  the  Dow  300  resins  should  provide  adequate  birdstrike 
protection. 

A  pattern  in  the  failures  became  evident  when  the  test  films  were  reviewed. 
A  majority  of  the  panels  that  failed  had  failure  initiation  along  the  sides  of  the 
panel  near  the  aft  edge  of  the  clamp.  It  appeared  that  the  boundary  conditions 


Table  1.  Birdstrike  Test  Summary  of  0.75"  Polycarbonate  Panels 


Panel 

Eesin 

Velocity 

(kts) 

Result 

Triangulation 

920415-05  MX2050 

Dow  XU-5.5 

450 

Fail 

- 

920415-06  MX2050 

Dow  XU-5.5 

355 

Fail 

- 

920415-07  MX2050 

Dow  XU-5.5 

297 

Pass 

- 

920413-07  MX2049 

Dow  300-15 

201 

Pass 

- 

920413-09  MX2049 

Dow  300-15 

302 

Fail 

- 

920413-10  MX2049 

Dow  300-15 

256 

Pass 

1.0 

920414-05  MX2048 

Dow  300-6 

302 

Fail 

1.4 

920414-07  MX2048 

Dow  300-6 

252 

Pass 

1.2 

920414-08  MX2048 

Dow  300-6 

277 

Pass 

- 

920413-05  MX2047 

Dow  300-4 

302 

Pass 

1.4 

920416-07  MX2047 

Dow  300-4 

357 

Fail 

- 

920416-08  MX2047 

Dow  300-4 

327 

Fail 

*  -  I 

Table  2.  Birdstrike  Threshold  for  0.75"  Polycarbonate  Panels 


Resin 

Impact  Threshold  (kts) 

Dow  300-15 

250-300 

Dow  300-6 

275-300 

Dow  300-4 

300-325 

were  inducing  failure  such  that  the  birdstrike  threshold  became  a  system 
property,  not  a  material  property.  Changing  the  test  fixture  may  be  required 
should  additional  testing  be  warranted. 

Four  0.75"  thick  panels  were  selected  for  triangulation  analysis;  three 
panels  that  passed  the  birdstrike  test,  and  one  panel  that  failed.  One  panel  that 
failed  was  selected  to  determine  if  the  deflection-time-history  response  prior  to 
failure  was  similar  to  that  of  panels  which  passed  the  birdstrike  test.  It  was 
determined  that  no  considerable  differences  existed  between  the  panel  responses. 
Maximum  deflections  from  the  triangulation  analyses  were  presented  in  Table  1. 
Deflection-time-history  results  for  the  different  Dow  resins  were  very  similar. 

An  X3D  analysis  simulating  the  256  knot  birdstrike  test  of  panel  920413-10 
MX2049  (Dow  300-15)  was  performed  to  correlate  the  finite  element  analysis  and 


triangulation  results.  Figure  6  shows  the  deformed  geometry  at  one  millisecond 
intervals  during  the  X3D  impact  simulation.  Note  that  the  low  strength  bird 
model  used  in  the  X3D  analysis  resulted  in  a  large  number  of  bird  element 
failures. 

Figure  7  compares  the  X3D  and  triangulation  results  from  impact  test  on 
panel  920413-10  MX2049  at  centerline  panel  locations  near  the  leading  edge,  (-,1), 
at  the  impact  point,  (-,4)  and  near  the  aft  edge,  (-,7).  The  X3D  results  showed 
good  agreement  with  the  experimental  data  up  to  the  point  of  maximum 
deflection.  However,  during  the  rebound  the  X3D  solution  diverged  from  the 
triangulation  results,  particularly  in  the  aft  portion  of  the  panel.  Potential 
reasons  for  the  solution  divergence  include  different  boundary  conditions  between 
the  testing  and  analysis,  possible  slippage  of  the  test  article  during  impact,  and 
uncertainty  in  material  properties  of  the  polycarbonate  and  the  bird.  It  appears 
that  the  X3D  model  does  not  have  sufficient  damping  built  into  the  material 
model,  which  may  be  another  cause  for  the  solution  divergence. 

The  analysis  results  indicated  that  X3D  is  a  useful  tool  in  the  study  of  bird 
impact  response.  The  X3D  solutions  were  able  to  capture  the  fundamental 
behavior  of  the  bird  impact  event  up  to  the  point  of  maximum  deflection.  More 
work  is  required  to  refine  the  analysis  tool,  but  X3D  shows  promise  for 
transparency  design  within  the  ADP. 


THICKNESS  TAILORING  STUDY 


To  demonstrate  the  use  of  X3D  within  the  ADP,  a  preliminary  design  study 
was  performed  to  determine  if  the  thickness  of  a  transparency  could  be  tailored  to 
produce  a  lighter-weight  design  that  maintained  sufficient  birdstrike  protection. 
Traditional  transparency  construction  results  in  a  nominally  uniform  thickness 
over  the  part.  Thus,  a  traditional  canopy  has  a  thickness  based  upon  the 
birdstrike  requirement  at  the  worst  impact  location.  The  remaining  portion  of  the 
transparency  is  thicker  than  required  to  resist  a  birdstrike  because  the  impact 
angle  diminishes  as  a  result  of  the  transparency  curvature. 


With  the  processes  now  available  in  direct  forming  of  transparencies 
developed  under  the  FTP,  it  is  possible  to  vary  the  transparency  thickness 
continuously  over  the  part.  To  study  the  effectiveness  of  the  thickness  tailoring 
concept,  a  series  of  X3D  analyses  was  performed  to  assess  the  difference  in 
birdstrike  performance  resulting  from  thickness  changes  on  F-16  canopies.  Only 
one  impact  location  was  considered,  namely  F.S.  113.5,  which  is  the  design  eye 
location  and  a  critical  location  for  the  birdstrike  requirement.  The  F-16  canopy 
model  is  shown  in  Figure  8. 

A  baseline  analysis  was  performed  to  determine  the  capability/response  of  a 
0.75"  monolithic  polycarbonate  canopy  to  a  4.0  lb  bird  impact  at  350  knots.  The 
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Figure  7.  Deflection  Comparison  of  Triangulation  and  X3D  Analyses. 
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Figure  8.  F-16  X3D  Analysis  Model. 

baseline  model  did  not  represent  thinning  which  might  occur  in  the  extremely 
stretched  crown  area.  Next,  a  series  of  tapered  canopy  models  were  evaluated  at 
the  same  350  knot,  F.S.  113.5  condition.  The  tapered  configurations  are  depicted 
in  Figure  9.  These  hypothetical  canopies  are  directly  formed  but  not  frameless.  A 
molded  canopy  of  this  configuration  could  be  utilized  as  a  replacement  for  the 
current  canopy  and  be  attached  to  the  current  F-16  frame. 

The  initial  approach  was  to  optimize  the  thickness  so  that  the  birdstrike 
capability  was  the  same  over  the  frontal  projection  area  of  the  canopy.  This 
resulted  in  models  1  and  2,  Concern  about  maintaining  optics  and  sufficient 
thickness  along  the  sill  led  to  additional  models  3  and  4.  Table  3  shows  the 
weight  savings  for  each  of  the  tailored  models  of  the  uniform  thickness  canopy. 
Note  the  potential  for  a  5-15%  weight  reduction  is  achievable  through  directly 
formed  processing.  For  this  preliminary  study,  only  one  impact  location  and  one 
impact  velocity  were  used,  but  the  X3D  results  were  encouraging.  Figure  10 
shows  the  deflection-time-history  for  the  baseline  and  each  tapered  model  at 
F.S.130.  Table  3  lists  the  maximum  centerline  deflections  at  F.S.  130,  F.S.  113.5 
(design  eye  location),  and  F.S.  140  (pilot’s  head). 

The  capabilities  developed  under  the  FTP  have  made  transparency 
thickness  tailoring  a  realistic  possibility  which  warrants  much  more  study  by  the 
transparency  community.  With  the  exception  of  the  most  severely  tapered  case 
which  has  unacceptably  large  deflections  (see  Table  3  and  Figure  10),  the  tapered 
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Figure  9.  Thickness  Tailoring  Canopy  Models. 


Table  3.  Thickness  Tailoring  Summary 


Model 

Max.  Centerline  Deflection  (in) 

Canopy 

Weight 

(lb) 

Weight 

Reduction 

Ob) 

%  Weight 
Reduction 

Acceptable? 

FS  113.5 

FS  130.0 

FS  140.0 

Baseline 

2.62 

1.30 

0.71 

145.3 

— 

— 

yes 

Model  1 

2.80 

3.18 

1.17 

110.7 

34.C 

23.8 

no 

1  Model  2 

2.64 

1.52 

0.90 

119.4 

25.9 

17.8 

yes 

Model  3 

2.68 

1.55 

0.86 

130.0 

15.3 

10.5 

yes 

Model  4 

2.63 

1.47 

0.81 

134.3 

11.0 

7.6 

yes 

F— 16  Thickness  Tailoring  Study 
Deflection  Time  History  at  F.S.  130 
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Figure  10.  Deflection  Time  Histories  of  Tailored  Analyses. 


model  deflections  were  not  much  greater  than  the  uniform  thickness  model.  Much 
more  work  is  necessary  to  investigate  other  impact  locations,  optical  integrity,  and 
direct  forming  limitations,  but  the  preliminary  study  has  demonstrated  an 
enormous  potential  for  thickness  tailored  transparency  designs  which  have 
significant  weight  savings  over  conventional  transparencies. 
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CONCLUSIONS 


As  a  result  of  the  birdstrike  test  program,  triangulation/X3D  analyses,  and 
thickness  tailoring  study,  the  following  conclusions  were  reached  regarding  the 
birdstrike  resistance  of  candidate  materials  for  the  Confirmation  Frameless  ' 

Transparency  (CFT): 

•  Twelve  polycarbonate  panels  were  successfully  birdstrike  tested  at 

UDRI.  Each  panel  was  impacted  by  a  2,0  lb  artificial  bird  at  a  30°  * 

impact  angle  with  an  unrestrained  aft  edge.  Approximate  thresholds 
of  the  three  candidate  CFT  resins  were  250-300  knots  for  Dow  300- 
15,  275-300  knots  for  Dow  300-6,  and  300-325  knots  for  Dow  300-4. 

•  Triangulation  data  was  successfully  obtained  using  the  Air  Force 
triangulation  program.  Of  the  twelve  0.75”  thick  panels  tested, 
triangulation  was  performed  on  three  of  the  panels  that  passed  and 
one  of  the  panels  that  failed.  Triangulation  results  indicated  that 
maximum  panel  deflections  ranged  from  1.0  to  1.4  inches 
approximately  3-5  milliseconds  after  impact,  depending  upon  the 
resin  and  impact  velocity.  Note  deflection-time-history  response  of 
the  panel  that  failed  was  similar  to  that  of  the  panels  which  survived 
the  birdstrike. 

•  The  explicit  finite  element  analysis  program,  X3D,  was  successfully 
employed  to  simulate  256  knot  impact  by  a  2.0  lb  artificial  bird  on  an 
FTP  polycarbonate  panel.  Results  from  the  X3D  analysis  compared 
well  with  triangulation  results  up  to  the  point  of  maximum  deflection. 
Divergence  in  the  X3D  and  triangulation  results  after  maximum 
deflection  was  thought  to  be  the  result  of  differences  in  boundary 
conditions  and  material  properties  between  the  test  and  analysis. 

Continuing  development  is  necessary,  but  the  results  from  this 
program  indicate  that  X3D  is  a  viable  tool  for  impact  simulation  in 
support  of  the  ADP  of  the  Frameless  Transparency  Program. 

•  Repeated  failure  occurrences  along  the  right  side  of  the  panel  near 
the  aft  edge  indicate  that  the  materials  have  become  strong  enough  to 
withstand  a  sufficient  birdstrike,  such  that  a  change  in  the  test 
fixture  may  become  an  issue  of  concern  in  the  future. 

•  X3D  analyses  performed  to  demonstrate  the  usefulness  of  the  ADP  *  ' 

indicated  potential  significant  weight  savings  could  be  achieved  by 

tailoring  the  thickness  of  the  canopy.  Thickness  tailoring  is  now  a 
realistic  possibility  due  to  the  advances  under  the  FTP.  Preliminary 
studies  showed  good  promise,  but  many  issues  such  as  optics, 
producibility,  and  latching  (for  frameless  configurations)  must  be 
addressed  along  with  considering  additional  impact  locations. 
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RECOMMENDATIONS 


As  a  result  of  the  birdstrike  testing  and  analysis  conducted  under  this 
program,  the  following  recommendations  are  made  regarding  the  birdstrike 
resistance  of  candidate  materials  for  the  Confirmation  Frameless  Transparency 
(CFT): 

•  X3D  results  compared  favorably  with  tri angulation  data  from  a  Dow 
panel  up  to  the  time  of  maximum  deflection  at  which  point  the 
solutions  diverge.  Results  from  this  program!  indicate  that  X3D  is  a 
viable  tool  for  impact  simulations,  but  that  more  effort  is 
recommended  to  determine  the  cause  for  the  solution  divergence  and 
to  implement  appropriate  modifications. 

•  To  perform  comparative  impact  analyses,  it  is  critical  that  high  strain 
rate  material  property  data  be  available  for  each  candidate  material, 
and  that  updated  material  models  be  incorporated  into  X3D.  More 
effort  is  recommended  to  refine  the  material  modelling  techniques  in 
X3D  and  to  define  appropriate  parameters  for  the  material  models 
used  for  the  CFT. 

•  Bird  impact  analyses  of  thickness  tailored  transparencies  indicated  a 
potential  for  weight  savings  over  traditional  transparency  designs. 
The  preliminary  efforts  conducted  to  date  are  promising,  but  different 
impact  locations  need  to  be  considered  as  well  as  optical,  latching, 
and  producibility  issues. 

•  Thickness  tailoring  for  structural  and  weight  benefits  must  be 
compatible  with  optical  quality.  An  optical  code  which  is  planned  for 
the  ADP  is  a  necessity  for  a  viable  thickness  tailored  transparency 
design  evaluation. 
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Abstract 


Techniques  required  to  manufacture  aircraft  transparencies  by  injection  molding  are  currently 
being  developed  as  part  of  a  US  Air  Force  program  for  developing  the  technologies  required  for 
directly  formed  and  frameless  aircraft  transparencies.  Components  have  been  molded  from 
several  candidate  materials  under  a  variety  of  molding  process  conditions.  Several  types  of 
coupon-level  tests  have  been  performed  to  identify  the  best  combinations  of  materials  and  process 
conditions,  to  measure  the  mechanical  properties  of  the  materials,  and  to  validate  the  capability 
of  directly-formed  components  to  perform  like  components  fabricated  with  current  processes. 
Strength,  stiffness,  and  elongation  to  failure  have  been  evaluated  using  tensile  tests  at  several 
rates.  Impact  resistance  has  been  evaluated  using  falling  dan  tests.  Integrity  of  latch  insens, 
which  could  be  used  to  attach  a  frameless  transparency  to  an  aircraft  fuselage,  has  been  evaluated 
through  static  pullout  after  thermal  and  load  cycling.  Results  and  conclusions  from  the  tests  will 
be  presented. 


Introduction 

The  primary  manufacturing  technique  for  the  current  generation  of  high  performance 
aircraft  transparencies  consists  of  extruding  flat  sheets  of  plastic,  laminating  these  sheets  with 
interlayers,  and  bending  the  laminated  assembly  into  the  desired  shape.  Fasteners  at  the  edges 
of  the  assemblies  are  used  to  mount  the  transparencies  into  metal  or  composite  frames.  The  holes 
near  the  edge  which  are  required  for  installing  the  fasteners,  the  stresses  due  to  differential 
thermal  expansion  between  the  frame  and  plastic,  the  multiple  thermal  cycles  required  to  form 
the  panel,  and  the  necessity  of  constant  panel  thickness  all  tend  to  degrade  the  performance  of 
the  transparency  during  a  bird  impact1. 

Utilizing  the  toughness  inherent  in  impact  resistant  transparent  plastics  and  methods  for 
direct  forming  provides  many  potential  improvements  over  current  design  and  manufacturing 
practices.  Elimination  of  frames  from  transparency  assemblies  and  single  process  direct  forming 
permits  both  an  improvement  in  performance  and  a  reduction  in  costs.  Previous  investigations 
have  indicated  that  injection  molding  is  currently  the  most  viable  method  for  direct  forming 
transparencies  from  bulk  polymers2,3.  Techniques  required  to  manufacture  aircraft  transparencies 


by  injection  molding  are  currently  being  developed  as  part  of  a  US  Air  Force  program  foi 
developing  the  technologies  required  for  directly  formed  and  frameless  aircraft  transparencies. 

As  part  of  this  program  methods  for  attaching  frameless  transparencies  to  the  aircraft  are  also 
being  evaluated4.  * 

This  paper  describes  tensile,  falling-dart  impact,  and  latch  insert  pullout  tests  performed 
on  coupons  cut  from  injection  molded  polycarbonate  panels.  The  tests  described  in  this  paper 
represent  a  portion  of  the  tests  performed  as  part  of  a  study5,6  whose  objectives  were  to  ♦ 

characterize  the  mechanical  properties  of  injection  molded  materials  being  evaluated  for  use  in 
directly  formed  and  frameless  transparencies  and  to  validate  the  capability  of  directly-formed 
components  to  perform  like  components  fabricated  with  current  processes.  Results  of  these  and 
other  tests5  8  were  used  to  select  materials  for  developing  the  Confirmation  Frameless 
Transparency  (CFT),  a  test  item  for  confirming  the  developed  technology. 

Three  formulations  of  polycarbonate  were  used  for  molding  the  panels  evaluated:  Mobay 
APEC  9350,  Dow  Calibre  302-5,  and  GE  Lexan  4701.  Additionally,  extruded  GE  Lexan  9034- 
112  was  used  as  a  baseline  for  comparison  with  the  results  for  the  molded  materials.  This 
extruded  material  had  not  been  subjected  to  any  of  the  thermal  or  mechanical  forming  processes 
which  are  required  to  form  a  transparency  and  which  may  alter  the  properties  of  the  polymer. 


Tensile  Tests 


Tensile  tests  were  performed  on  injection  molded  materials  at  two  strain  rates  using  the 
two  types  of  coupons  shown  in  Figure  1.  Comparison  of  the  data  from  the  coupons5  showed  that 
the  moduli  and  yield  strengths  were  consistent  between  the  two  geometries  within  the 
experimental  variation  observed  for  the  individual  specimer  geometries.  Differences  between 
the  two  coupons  were  noted  in  the  elongation  at  failure,  where  the  failure  point  had  a  higher 
value  for  the  mini-tensile  rod  than  for  the  ASTM  coupons.  This  difference  can  be  attributed  both 
to  the  much  larger  volume  and  surface  ea  of  the  ASTM  coupons,  which  allows  for  more  failure 
initiation  sites,  and  to  the  sharp  comers  on  the  ASTM  coupons,  which  are  die  most  common 
location  for  failure  initiation. 

The  results  presented  here  are  from  the  tensile  tests  on  the  mini-tensile  rods  only.  These 
coupons,  which  are  planned  for  use  in  quality  control  tests  on  future  directly-formed 
transparencies,  are  preferred  over  'tandard  ASTM  coupons  because:  they  require  less  material; 
they  can  be  machined  from  irregularly  shaped  material,  and  they  can  be  used  for  high-rate  tests 
on  machines  with  limited  load  capacities.  However,  this  testing  showed  higher  scatter  in  the  *  ^ 

results  from  the  mini  tensile  rod  coupons  than  from  the  ASTM  coupons.  Thus,  to  achieve  a 
specific  confidence  level  requires  more  mini-tensile  rod  coupons  than  ASTM  coupons. 

Results  of  the  tests  on  three  molded  and  one  extruded  formulations  of  polycarbonate  are  ' 

summarized  in  Table  1.  The  values  listed  in  this  table,  identified  as  "engineering"  properties,  are 
based  on  the  dimensions  of  the  samples  in  an  undeformed  state.  Trends  indicated  by  the  data 
in  this  table  are  presented  in  graphic  form  in  Figures  2  through  5. 
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Figure  2  shows  the  tangent  modulus  as  a  function  of  strain  at  a  nominal  0.5  in/in/sec 
strain  rate.  The  decrease  in  slope  of  the  stress-strain  curve  is  typical  of  glassy  polymers.  It  can 
be  observed  that  the  molded  GE  material  has  an  initial  modulus  which  is  10-15%  lower  than  that 
^  of  the  other  materials.  The  low  initial  modulus  occurred  for  several,  but  not  all,  of  the  molded 

GE  panels,  and  may  have  been  caused  by  poor  packing  of  the  material  during  molding.  Figure 
3  shows  the  change  with  strain  rate  of  the  tangent  mcdulus  at  1%  strain.  These  two  figures 
illustrate  that  the  modulus  of  the  molded  materials,  with  the  exception  of  the  molded  GE 
9  material,  is  very  similar  to  that  of  the  extruded  polycarbonate. 

Figure  4  shows  the  ultimate  elongation  of  the  four  materials  as  a  function  of  strain  rate. 
It  can  be  seen  that,  on  average,  the  molded  Dow  material  had  an  elongation  at  failure  nearly 
equal  to  that  of  the  extruded  material.  Figure  5  shows  the  increase  in  yield  point  with  increasing 
strain  rate.  The  yield  stress  shown  in  this  figure  is  the  "true"  stress  which  is  based  on  the  cross 
section  of  the  coupon  as  the  test  progresses  rather  than  the  initial  cross  sectional  area.  True  stress 
is  used  in  this  figure  in  order  to  facilitate  identification  of  a  "critical”  strain  rate,  at  which  the 
yield  stress  equal  the  stress  at  rupture.  True  stress  at  rupture  was  determined  for  the  coupons  by 
dividing  the  load  just  before  failure  by  the  measured  the  cross  sectional  area  after  failure  and 
compensating  for  elastic  recovery.  The  yield  stress  versus  strain  rate  curves  were  then 
extrapolated  out  to  determine  the  point,  at  which  the  yield  stress  would  equal  the  true  stress  at 
failure.  It  can  be  seen  that  the  molded  GE  and  Mobay  materials  have  critical  strain  rates  on  the 
order  of  103  in/in/sec  while  the  molded  Dow  and  extruded  GF.  materials  have  critical  strain  rates 
on  the  order  of  1(T  in/in/sec.  This  indicates  that  the  moiaed  Mobay  and  molded  GE  materials 
were  more  brittle  than  the  molded  Dow  and  extruded  GE  materials  for  the  processing  conditions 
chosen. 

The  tensile  test  show  that  the  molded  Dow  polycarbonate  has  properties  which  are  very 
similar  to  those  of  extruded  material,  while  the  molded  Mobay  and  GE  materials  appear  to  be 
more  brittle.  This  embrittlement  may  reflect  formulation  modifications  necessary  to  allow  higher 
temperature  uses  for  the  Mobay  and  GE  resins  or  may  have  been  caused  by  the  higher 
temperatures  used  in  molding  these  materials. 

It  should  be  noted  that  the  data  indicates  that  there  is  a  correlation  between  the  degree  to 
which  the  mold  is  packed  (i.e.  how  well  the  material  is  compressed  in  the  mold)  and  the  tensile 
properties  of  the  material.  Thus,  when  using  properties  such  as  those  presented  here  for 
predicting  the  response  of  directly  formed  transparencies  to  impact,  the  particular  molding  process 
as  well  as  the  type  of  resin  must  be  considered. 

a  Falling  Dart  Impact  Test 

Falling  dart  impact  tests  were  performed  on  6-inch  square  samples  of  material  with  a 
nominal  thickness  of  0.5-inch.  The  coupons  were  mounted  in  a  holder  which  had  a  5.5-xnch 
4  square  opening  and  were  impacted  by  a  dart  with  a  1.5-inch  diameter  hemispherical  nose.  The 

fixture  is  illustrated  in  Figure  6.  For  all  of  the  tests,  the  dart  was  dropped  from  a  height  of  20 
feet,  providing  an  impact  velocity  of  approximately  35.9  ft/sec.  Weight  of  the  dart  was  varied 
to  provide  a  range  of  impact  energies. 
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Results  of  the  tests  are  summarized  in  Table  2.  For  each  of  the  four  materials  tested,  the 
table  indicates  the  percentage  of  coupons  at  a  specific  impact  energy  which  deformed  in  a  ductile 
manner  or  shattered  in  a  glassy  manner.  Also,  a  few  coupons,  identified  under  the  heading  "pass 
with  cracks,"  showed  large  ductile  deformation  with  small  cracks  near  the  tip  of  the  indentation, 
which  indicated  that  the  coupons  were  on  the  verge  of  failing. 

Results  of  the  tests  show  a  few  key  trends  for  the  molded  materials.  The  molded  Dow 
material  showed  ductile  response  up  to  an  impact  energy  of  1200  ft-lbs,  where  testing  was  halted 
due  to  machine  limitations.  Small  cracks  in  the  some  coupons  indicated  that  1200  ft-lbs  was  near 
the  fracture  threshold  for  the  Dow  material.  The  molded  GE  material  showed  ductile  behavior 
for  an  800  ft-lb  impact,  but  failed  in  a  brittle  manner  under  a  1200  ft-lb  impact,  indicating  that 
the  energy  required  to  fracture  the  molded  GE  coupons  was  in  between  these  two  levels.  A  lack 
of  samples  prevented  a  more  refined  definition  of  the  energy  which  would  cause  this  material  to 
fracture.  The  molded  Mobay  coupons  showed  rather  erratic  results.  AH  of  the  coupons  taken 
from  one  panel  which  was  molded  improperly  fractured  under  impacts  as  low  as  400  ft-lbs. 
Coupons  from  other  panels  indicated  that  tire  threshold  for  fracture  of  properly  molded  materials 
was  on  the  order  of  1100  ft-lbs.  The  extruded  GE  polycarbonate  used  as  a  baseline  material 
behaved  in  a  manner  similar  to  the  molded  Dow  material.  A  1200  ft-lb  impact  was  sufficient 
to  cause  smaU  cracks  in  some  coupons,  indic  ating  that  1200  ft-lbs  was  near  the  threshold  beyond 
which  the  baseline  material  coupons  would  fracture. 

Deformed  shapes  formed  by  the  convex  surface  of  coupons  from  tne  molded  Dow  and 
the  extruded  GE  polycarbonates  are  compared  in  Figure  7  at  three  different  impact  energies. 
When  normalized  by  thickness  (all  coupons  were  between  0.46  and  0.53-inch  thick),  the 
deformations  of  coupons  from  the  two  materials  are  very  similar  at  the  two  higher  rates,  thus 
Hlustrating  the  similarity  in  yield  and  plastic  flow  behavior  of  the  two  materials. 

The  dart  impact  tests  indicate  that  the  molded  Dow  polycarbonate  had  properties  similar 
to  those  of  extruded  polycarbonate.  For  the  molding  process  conditions  used,  the  molded  GE  and 
Mobay  materials  had  lower  impact  resistance  than  the  extruded  polycarbonate  or  molded  Dow. 


Latch  Insert  Evaluation 

An  important  feature  of  any  frameless  transparency  is  the  hardware  used  to  connect  the 
transparency  to  the  aircraft  fuselage.  One  promising  configuration  is  a  hoUow  shell  which  can 
be  overmolded  by  the  frameless  transparency  material  and  which  contains  a  pin  with  which  a 
hook  mounted  in  the  fuselage  can  hold  the  transparency  in  place.  This  type  of  hardware,  referred 
to  as  latch  inserts,  must  be  capable  of  reacting  cabin  pressure  loads,  thermal  stresses,  and 
birdstrike  forces.  Structural  integrity  must  be  maintained  throughout  the  life  of  the  transparency. 

Latch  inserts  were  molded  from  aluminum  and  GE  Ultem  2300  (a  glass-reinforced 
polyetherimide)  and  were  subsequently  overmolded  with  polycarbonate.  The  latch  insert/molded 
polycarbonate  coupons  were  then  subjected  to  thermal/load  cycles  and  room-temperature  pull-to  • 
failure. 


The  setup  used  for  the  tests  is  shown  in  Figure  8.  The  14-inch  long  oupon  was  placed 
in  a  yoke  and  supported  by  pads  10-inches  on  center.  A  hook  engaged  a  pi  in  the  latch  insert 
and  applied  load  to  the  coupon.  The  entire  assembly  was  placed  in  the  envi.  o-iinental  chamber 
of  an  Instron  machine,  allowing  both  temperature  and  load  to  be  varied  simultaneously.  Tests 
were  also  performed  on  coupons  cut  from  production  F-16  canopies  in  which  the  standard  F-16 
edge  attachment  was  simulated  over  a  span  of  4  bolt  holes. 

Thermal/load  cycles  were  designed  to  simulate  a  typical  F-16  mission  of  68-minute 
duration  on  a  hot  or  cold  day9.  Temperature  profiles  in  the  environmental  chamber  were  based 
on  computed  outer-surface  temperatures  of  the  CFT  and  loads  applied  to  the  coupons  were  based 
on  the  difference  between  internal  and  external  cabin  pressure  plus  an  allowance  for  compression 
of  the  sill  seal.  Figure  9  shows  the  loads  and  temperatures  used  to  represent  a  cold  day  mission. 
The  duration  of  the  test  cycle  exceeds  the  68 -minute  duration  of  the  mission  due  to  limitations 
on  heating  and  cooling  rates  for  the  environmental  chamber,  which  lessens  the  severity  of  thermal 
shock  during  the  test  but  increases  the  stresses  due  to  thermal  mismatch  between  the  insert  and 
polycarbonate.  Figure  10  show's  the  load  and  thermal  cycle  initially  used  to  represent  the  hot  day 
mission.  After  initial  tests  showed  extreme  softening  and  deformation  of  both  latch  insert 
coupons  and  production  F-16  coupons,  the  peak  temperature  for  the  hot  day  mission  was  reduced 
from  340  °F  to  265  °F,  which  is  the  maximum  temperature  iequired  by  F-16  canopy 
specifications10.  Figure  11  shows  the  loads  and  temperatures  used  to  represent  the  hot  day 
simulation  cycle  with  a  265  °F  peak  temperature. 

Results  of  the  tests  are  summarized  in  Table  3.  Results  are  grouped  by  molded  material 
and  latch  insert  type.  Coupons  molded  from  Dow  Calibre  202-5  and  302-5  resins  with  aluminum 
latch  inserts  soften  during  the  hot  day  mission  340  °F  cycle,  but  showed  no  visually  observable 
degradation  after  up  to  seven  cycles  of  the  cold  day  mission  or  hot  day  mission  265  °F 
simulations.  Static  pullout  tests  showed  that  failure  loads  after  the  cold  day  mission  cycles  were 
the  same  as  for  coupons  which  had  not  undergone  any  cyclic  testing.  Failure  loads  for  coupons 
which  had  undergone  the  hot  day  mission  265  °F  cycles  were  somewhat  lower  than  those  of  the 
other  coupons  in  this  category,  but  were  nearly  a  factor  of  2  higher  than  the  3,200  pounds  peak 
burst  pressure  plus  seal  loads  which  could  occur  for  the  CFT. 

Coupons  molded  from  Dow  Calibre  202-5  and  302-5  resins  with  Ultem  inserts  also 
showed  no  degradation  after  three  cycles  of  the  cold  day  mission  cycle  or  the  hot  day  mission 
265  °F  cycle.  Static  pullout  tests  showed  that  failure  loads  after  thermal/load  cycles  were  the 
same  as  for  coupons  which  had  not  undergone  any  cyclic  testing.  In  all  cases,  failure  of  these 
coupons  was  caused  by  brittle  fracture  of  the  Ultem  (as  opposed  to  the  fracture  of  the 
polycarbonate  which  occurred  for  those  coupons  which  had  aluminum  inserts).  Failure  loads  for 
the  coupons  with  Ultem  inserts  were  significantly  lower  than  those  for  the  coupons  with 
aluminum  inserts. 

Coupons  molded  from  Mobay  APEC  9350  with  aluminum  latch  inserts  showed  potential 
for  better  high  temperature  capability  than  coupons  manufactured  from  Dow  materials  but  were 
also  more  brittle.  The  Mobay  coupon  tested  using  the  hot  day  mission  340  °F  cycle  did  not  show 
any  softening,  but  cracked  at  room  temperature  at  the  end  of  the  cycle.  Also,  two  of  three 
Mobay  coupons  tested  at  with  a  cold  day  cycle  cracked  at  the  extreme  cold  temperatures.  The 


cracking  appears  to  be  caused  by  a  combination  of  residual  stresses  and  brittleness  of  this 
material,  both  of  which  result  from  the  relatively  high  temperature  used  in  molding.  Thermal  and 
mechanical  stresses  during  the  cyclic  tests  were  sufficient  to  fracture  the  coupons. 

Although  the  number  of  coupons  evaluated  in  each  category  was  relatively  small,  the 
testing  indicates  that  CFT’s  formed  from  Dow  Calibre  202  or  302  class  materials  with  aluminum 
inserts  meet  current  pressure  loading  and  temperature  requirements  for  F-16  transparencies. 
Ability  of  the  latch  inserts  to  withstand  bird  impact  forces  must  still  be  evaluated.  The  Ultem 
inserts  offer  the  potential  of  reducing  stress  due  to  thermal  mismatch,  and  the  Mobay  material 
offers  the  potential  of  higher  temperature  performance.  However,  additional  effort  will  be 
required  to  permit  the  use  of  either  of  these  materials. 


Conclusions 


Coupon-level  tests  indicate  that  some  molded  polycarbonate  formulations  have  mechanical 
properties  and  impact  resistance  similar  to  an  unprocessed  extruded  polycarbonate  sheet.  Thus, 
transparencies  molded  from  these  formulations  can  be  expected  to  have  bird  impact  resistance 
similar  to  transparencies  of  similar  design  fabricated  from  exttuded  materials.  Also,  tests  indicate 
that  latch  inserts  can  be  overmolded  with  polycarbonate  to  provide  a  means  of  attaching  a 
frameless  transparency  to  an  aircraft  fuselage.  Coupon-level  tests  indicate  that  structural  integrity 
requirements  can  be  met  for  all  expected  thermal  and  flight  load  conditions. 
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Table  1  Room  Temperature  Engineering  Properties 
From  Mini-Tensile  Rod  Tests 


MATERIAL 

STRAIN* 

RATE 

(1/SEO 

TANCEMT 
MODULUS 
<0%  STRAIN) 
-LKSD _ 

TANCENT 
MODULUS 
<1%  STRAIN) 
(K5J0 

tangent 

MODULUS 
(2%  STRAIN) 

(KS» 

TENSILE 
STRENCTK 
AT  YIELD 
(ESI) 

PERCENT 
ELONGATION 
AT  YIELD 

AVERAGE 
ELONGATION 
AT  BREAK 

MOLDED 

ojns 

370 

302 

234 

4,440 

4.2% 

173% 

DOW 

os 

341 

240 

234 

10,440 

4  3% 

140% 

CALIBRE  362  3 

100  •• 

402 

330 

273 

11,454 

73% 

140% 

MOLDED 

0.005 

375 

306 

234 

10,460 

03% 

115% 

MOBAY 

03 

371 

2  n 

227 

11.430 

7S»% 

100% 

APEC  4350 

100  •• 

34* 

34) 

234 

12.240 

73% 

70% 

MOLDED 

01X35 

347 

m 

226 

11,002 

7.7% 

145% 

CE 

03 

314 

2*0 

245 

Ul*0 

I2t 

70% 

LEXAN4701 

100“ 

413 

340 

304 

13.255 

12% 

110% 

EXTRUDED 

0.005 

315 

311 

224 

4,444 

4  4% 

140% 

CElEXAN 

03 

373 

313 

254 

11,054 

4.4% 

140% 

- «W-112 

_ IE _ 

_ Mi 

- 22J _ 

- ILEi _ 

_ 7JT 

170% 

•  -  Strain  rim  measured  during  elastic  portion  of  i«M- 

S train  ulti  during  plastic  portion  of  !v«  arc  ipptoiimitrly  3  time*  as  Ulgt. 
**  -  Strain  raits  vary  during  elastic  portion  of  high  rule  teals. 

^  Styain  rate  of  HXVaec  is  approximate  value  when  specimen  yields. 
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Table  2  Results  of  Falling  Dart  Impact  Tests 


Material 


MokU  Dow  CaMxe  JorJsof!" 


Maided  GE  Lexan  4701 


Moldad  Mobar/  APEC  9350 


Extruded  GE  9034-112  Lexan 


Impact  faeutt 


Pats 

Fast  w/ cracks 
Shatter 


Impact  Energy  (tt-bs) 


JLJ _ I _ L 


s 

.s.. 


'ass 

Past  w/  cracks 
Shatter 


100% 

0% 

0% 


100% 

0% 

0% 


100% 

0% 

0% 


Pass 

33% 

0% 

00% 

100%  0% 

Pass  w  /  crack* 

0% 

0% 

0% 

0%  100% 

Shatter 

67% 

100% 

50% 

0%  0% 

Pats 

100% 

100% 

Pass  w/  cracks 

0% 

0% 

Shatter 

0% 

0% 

NOTE:  Impacts  at  nominal  velocity  ol  30  ffaec 
Coipor/s  art  nomintly  1/2 -inch  thick 


Table  3  Latch  Insert  Evaluation  Test  Summary 


PANEL 

10 

COLTON 

POSITION 

LQALVTHERMAL  CYCLE 

TEST  DESORPTION 

statc  rollout 
FAIXIRE  LOAD 

Dow/  200302  potyowtorwt*  wto  *6  iAxmx»m  intact. 

aooiMet 

port 

rVa 

7500 

oootoeat 

•tod 

•V* 

110C5 

000106(2 

•tod 

7  HOT  DAY  266  F  CYCLES 

6060 

D010106«16 

port 

3  COLD  DAY  CYCLES 

91 2D 

0010100(16 

«t)d 

7  COLD  DAY  CYCLES 

10500 

0910109*19 

port 

SOFTENED  D'JRNQ  HOT  DAY  340  F  CYCLE 

r/m 

0910100(10 

•txi 

3  HOT  DAY  286  F  CYCLES 

7920 

l>3w2CC/3CBpoV3*bgn«tew<h  U*n>in#*rt: 

0910100  #17 

port 

OVERLOAD  DOR  NO  HOT  DAY  266  F  CYCLE 

iV* 

091010©  #17 

•tod 

3  HOT  DAY  2S6  F  CYCLED 

4040 

0910110«06 

port 

3  COLD  DAY  CYCLES 

4600 

D910110I05 

•tod 

rVa 

4100 

0910110*06 

pert 

SOFTENED  DUR64G  HOT  DAY  340  F  CrtXE 

rYa 

0910110*06 

ofcd 

rVa 

4460 

MctoayAPECDP9  93GOpolycBrtooniltiM(h#6akjrrBnuniin*#rt. 

900116*2 

■tod 

nta 

6975 

900116*3 

port 

rV* 

3900 

900116*1 

port 

3  HOT  DAY  266  F  CYCLES 

4060 

900116*1 

■tod 

CRACKED  OURNG  HOT  DAY  340  F  CYCLE 

rVa 

000116(2 

port 

rVm 

7200 

M910111  *12 

port 

3  COLD  DAY  CYCLES 

6130 

W9101 11  *1? 

•tod 

CRACKED  DOR  NO  COLD  DAY  CYCLE 

rVa 

M910111  #13 

•tod 

CRACKED  DLIRNG  COLD  DAY  CYCLE 

rVa 

P-1 6  p»\Ddudon  6*ntp«r*ncy  wth  toad  put*  bol«d  to  *dp* 

W33-1 

rV* 

SOFTENED  DOR ING  HOT  DAY  340  F  CYCLE 

rVa 

0433-2 

rV* 

3  HOT  DAY  265  F  CYCLES 

6950 

0*33-3 

rVa 

3  COLD  DAY  CYCLES 

97LG 

0433 -C 

_ OtM _ 

_ rVi  - 

ll$8 


TENSILE  MODULUS  STRAIN  RATE  DEPENDENCE 

Nomina)  Strain  0.0  i  irVm 


Fig.  2  Strain  Dependents  of  Tensile  Modulus  at  0.5  inch/inch/sec. 
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Abstract 


A  significant  advantage  of  directly  forming  transparencies  is  the  potential 
capability  to  closely  control  the  dimensions  of  the  finished  part,  and  to  repeat  this 
control  from  part  to  part.  This  control  can  result  in  better  fitting  transparencies, 
improved  optical  quality,  "designed  in"  thickness  variation,  and  optical  tailoring. 
However,  it  is  well  known  in  the  molding  industry  that  finished  plastic  parts  have 
a  slightly  different,  size  and  shape  than  the  mold  from  which  they  were  made 
because  the  part  shrinks  as  the  molten  plastic  cools  and  solidifies. 

A  dimensional  mapping  effort  was  initiated  to  investigate  the  shrinkage 
characteristics  (i.e.  the  differences  between  final  panel  dimensions  and  mold 
dimensions)  of  large,  thick-walled,  directly  formed,  transparent  panels.  The  term 
"dimensional  mapping"  refers  to  the  acquisition  of  coordinates  of  points  on  the 
surfaces  of  a  molded  part  and/or  it's  mold,  using  a  coordinate  measuring 
machine  (CMM).  Thickness  and  overall  dimensions  are  then  calculated  from  the 
point  coordinates.  A  CMM  was  used  to  take  advantage  of  it's  high  accuracy, 
repeatability,  and  automation  capabilities. 

The  paper  will  discuss  the  CMM  procedures  used,  and  the  difference 
between  dimensional  mapping  and  other  measurement  techniques.  Results  of 
the  investigation  include  confirmation  of  standard  shrinkage  factors  used  in  the 
molding  industry,  and  a  description  of  the  variable  shrinkage  found  in  the  subject 
panels. 
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The  Aircrew  Enclosures  Section  of  the  US  Air  Force  -  Wright  Laboratories 
(WL/F1YR)  at  Wright-Patterson  AFB,  OH  currently  manages  and  directs  the 


Directly  Formed  Frameless  Aircraft  Transparency  Program  (i.e.,  the  Frameless 
program).  The  objective  of  the  program  is  to  demonstrate  the  feasibility  of  directly 
forming  (ie.  injection  molding),  frameless  aircraft  transparencies,  and  to  confirm 
the  analytical  tools  used  to  design  a  directly  formed  transparency.  An  overview  of 
the  potentials  and  progress  of  the  Frameless  program  are  discussed  in  Reference 
1.  Included  in  that  discussion  are  potentials  for  cost  savings  in  manufacture,  life- 
cycle  cost  savings,  and  improved  performance,  as  well  as  other  potential  benefits. 
This  paper  addresses  efforts  undertaken  by  WL/FIVR  to  quantify  the  potential  for 
improved  dimensional  control  by  directly  forming  transparencies. 

Preceding  the  Frameless  program,  WL/FIVR  funded  Loral  Defense 
Systems  in  a  program  (October  1985  -  September  1988)  to  identify  and  demonstrate 
an  optimum  forming  process  for  large,  thick-walled,  transparent  parts.  The 
process  Lcral  and  WL/FIVR  selected  was  a  low  pressure,  long  cycle,  injection 
molding  process.  The  molding  took  place  at  Envirotech  (formerly  EIMCO)  Molded 
Products,  Salt  Lake  City,  Utah.  Hundreds  of  flat  and  conical  panels  (Fig  1)  were 
molded  during  the  program,  using  several  different  materials,  and  a  wide  variety 
of  processing  parameters  (temperatures,  pressures,  shot  size,  cycle  times,  etc.) 
Panels  with  desirable  characteristics  were  typically  molded  from  clear 
polycarbonate,  at  approximately  750  psi,  with  a  cycle  time  of  approximately  30 
minutes. 

After  the  Loral  effort  was  completed,  WL/FIVR  participated  in  three  more 
molding  trials.  In  January  1990,  68  half-inch  flat  panels  were  molded  from  four 
different  materials  at  Envirotech  Molded  Products,  Salt  Lake  City,  Utah.  In 
October  1990  and  January  1991,  105  half-inch  flat  panels  were  molded  at  Hettinga 
Equipment  Company,  Des  Moine,  Iowa.  During  this  molding,  four  materials 
were  used  for  molding.  In  April  1992,  WL/FIVR  went  back  to  Envirotech  and 
molded  27  half-inch  conical  panels,  32  half-inch  flat  panels,  and  35  three-quarter 
inch  flat  panels.  The  April  1992  molding  was  done  with  resins  having  four 
different  melt  flow  indices.  All  of  the  above  molding  trials  used  a  low-pressure, 
long  cycle  molding  process;  one  not  used  for  typical  injection  molded  parts. 


Under  the  frameless  program  in  February  1991,  the  design  of  the  CFT  was 
nearing  completion,  and  conceptual  designs  of  the  CFT  mold  were  underway. 

One  of  the  many  points  for  consideration  in  the  CFT  mold  design  was  how  much 
the  molded  CFT  would  shrink  after  molding.  Because  the  molding  process  to  be 
used  for  the  CFT  is  much  different  from  typical  injection  molding  processes,  a  > 
concern  was  that  standard  shrinkage  factors  provided  by  resin  vendors  may  not 
apply  to  the  CFT  molding.  ^ 

Also  at  the  time,  preliminary  work  was  underway  to  outline  the  CFT  testing 
that  would  take  place  after  CFT  molding.  One  of  the  efforts  envisioned  for  testing 
was  an  extensive  dimensional  check  of  the  molded  CFTs.  The  flat  and  conical  v 

panels  molded  under  the  Loral  and  subsequent  efforts  were  measured,  but  not 


1I$4 


4 


9 


K 


4 


extensively,  and  the  values  available  were  not  sufficient  to  make  an  assessment  of 
how  different  the  panels  were  from  their  molds.  It  was  evident  that  a  more 
complete  dimensional  check  of  the  CFT  and  CFT  mold  was  going  to  be  required. 

With  these  future  CFT  related  tasks  in  mind  in  February  1991,  WL/FIVR 
initiated  an  effort  to  do  a  rigorous  dimensional  check  of  a  number  of  suitable  flat 
and  conical  panels  that  had  been  previously  molded,  and  had  not  been  cut  up  for 
testing,  There  were  4  conical  panels  and  15  flat  panels  available  at  the  time.  The 
flat  and  conical  molds  were  also  included  in  this  effort.  The  objectives  of  this  effort 
were  to;  measure  the  panels  and  molds,  compare  the  dimensions  of  like  panels, 
and  to  compare  panel  dimensions  to  mold  dimensions.  If  applicable,  information 
obtained  would  be  applied  to  the  CFT  and  to  the  CFT  mold. 


The  checking  of  panels  and  their  molds  came  to  be  known  as  "dimensional 
mapping"  (DM),  and  the  February  1991  effort  was  the  first  of  two  dimensional 
mappings  of  the  flat  and  conical  panels  and  their  molds.  The  second  DM  effort 
was  planned  for  panels  molded  in  April  1992.  One  of  the  objectives  of  that  molding 
was  to  mold  panels  from  the  same  family  of  Calibre  polycarbonate,  but  to  include 
resins  having  four  different  melt  flow  indices.  Based  on  this  molding  trial  and 
subsequent  testing,  a  resin  would  be  selected  for  CFT  molding  in  1993.  One  of  the 
tasks  in  the  testing  was  dimensionally  mapping  the  panels,  and  again,  the  molds. 
Typically,  the  molds  would  not  have  had  to  be  mapped  again,  but  both  molds  had 
been  altered  slightly.  The  cone  mold's  optical  surface  had  been  scratched  during 
shipment  the  year  before,  and  the  scratch  had  to  be  polished  out  before  molding  in 
April.  The  polishing  had  changed  the  mold  cavity  thickness  an  unknown 
amount.  Also,  the  flat  plate  mold  was  changed  slightly  in  that  it  now  incorporated 
a  removable  shim,  which  allowed  the  molding  of  both  1/2"  and  3/4"  panels. 


The  DM  effort  for  the  April  1992  molded  panels  began  in  July  1992.  In  the 
1991  DM  effort,  we  could  only  choose  from  panels  left  over  from  previous  molding 
and  testing,  and  this  limited  our  selection.  Since  mapping  was  planned  for  the 
April  1992  panels,  a  better  selection  could  be  made.  Essentially  12  groups  of  panels 
were  molded;  1/2"  cones  from  each  of  4  resins,  1/2"  panels  from  each  of  4  resins, 
and  3/4"  panels  from  each  of  4  resins.  We  selected  at  least  3  panels  from  each  of 
the  12  groups  for  dimensional  mapping. 


What  is  Dimensional  Manning 


The  term  "dimensional  mapping"  was  coined  by  WL/FIVR  because  a 
description,  or  mapping,  of  the  thickness  distribution  of  panels  and  their  molds 
was  required,  as  well  as  the  overall  dimensions.  "Dimensional  Mapping"  (DM) 
seemed  to  describe  the  whole  exercise  nicely.  On  the  flat  panels,  the  DM  effort 
required  obtaining  thickness  values  at  target  point  locations  described  by  a  one 
inch  by  one  inch  grid  on  the  2'  x  2'  surfaces  (Fig  2).  Also,  the  length  and  width  of 
the  flat  panels  was  required  at  several  locations.  The  same  grid  was  used  for  the 
target  points  on  the  flat  panel  mold.  On  the  conical  panels,  thickness  values  were 
required  at  target  point  locations  described  by  a  one  inch  by  five  degree  grid  on  the 
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optical  surfaces  of  the  panel,  and  a  one  inch  by  one  inch  grid  on  the  sill  edges  (Fig 
3).  Again,  the  same  grid  of  target  point  locations  was  used  for  the  cone  mold. 

A  couple  of  approaches  were  considered  to  perform  the  DM  effort.  One 
approach  briefly  considered  was  measuring  the  items  with  hand  held 
instruments;  either  traditional  measurement  tools  such  as  calipers  and 
micrometers,  and/or  surface  positioned  devices  which  can  measure  normal 
thickness  using  either  light  or  sound.  These  approaches  were  not  pursued 
because  of  the  problems  involved  in  repeating  the  measurement  locations  from 
panel  to  panel,  accessing  desired  locations  without  destroying  the  panels,  and/or 
the  inherent  possibility  of  human  error  degrading  the  measurement  process. 
Also,  measuring  the  thickness  of  the  molds  presented  special  problems  since  the 
mold  halves  had  to  be  measured  separate^,  and  then  the  data  combined  to  yield 
cavity  thickness. 

The  approach  chosen  to  perform  the  DM  effort  was  to  use  a  coordinate 
measuring  machine  (CMM).  A  CMM  (Fig  4)  is  a  measurement  device  that 
incorporates  a  precision  probe  with  a  spherical  ruby  tip,  electronics,  and  part 
measuring  routines  to  contact  surface  points  on  a  part. 


Fig  4  Ring-Bridge  Coordinate  Measuring  Machine 


The  CMM  keeps  track  of  the  probe  s  X,  Y,  Z  position  in  the  measurement  space, 
and  records  the  coordinates  of  the  contact  point.  There  were  several  advantages  to 
the  use  of  a  CMM,  including;  accuracy,  repeatability,  automation,  and  minimal 
operator  interface  in  data  acquisition.  Additionally,  the  manufacturer  of  a  line  of 
high  precision  CMMs  happened  to  be  located  locally.  Sheffield  Instruments 
Company  (now  known  as  Giddings  and  Lewis  Measurement  Systems) 
manufactures  CMMs  and  other  measurement  devices  in  Dayton,  OH. 
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Cordax  "ring-bridge"  model.  The  details  of  the  specifications  for  the  CMM  are 
quite  complex,  involving  considerations  for  specifications  relative  to  gauge 
surfaces,  unknown  surfaces,  and  flat  or  curved  surfaces.  To  summarize  though, 
the  accuracy  of  the  CMM  used  in  the  DM  effort,  on  the  panels  and  molds,  is  on  the 
order  of  ±  0.0001".  The  accuracy  can  be  viewed  as  che  confidence  one  has  in  the 
actual  spatial  location  of  the  probe's  position.  The  repeatability  of  the  CMM  is 
defined  as  the  capability  to  repeatably  obtain  the  same  coordinates  for  the  same 
physical  point  on  a  surface.  To  record  the  repeatability  of  the  CMM  as  used  on  our 
parts,  a  test  procedure  was  run  where  the  probe  contacted  a  series  of  24  widely 
spaced  points  on  the  surfaces  of  a  flat  panel,  and  the  series  was  repeated  20  times. 
The  variance  in  the  data  was  on  the  order  of  ±  0.0002".  Data  acquisition  by  CMM 
can  be  highly  automated.  For  our  purposes,  a  part  measurement  program  was 
developed  for  each  type  of  panel,  and  the  program  was  run  to  acquire  the 
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coordinates  of  the  points  of  interest.  This  approach  allowed  the  CMM  to  obtain 
date  on  each  panel  in  the  same  fashion,  with  no  operator  intervention. 
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The  Dimensional  Mapping 
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As  mentioned  above,  grids  of  target  point  locations  were  defined  by 
WL/FIVR  for  the  panels  and  molds.  The  task  of  the  CMM  operator  was  to  locate 
these  target  points  and  to  obtain  the  actual  point  coordinates  in  the  same  manner 
for  each  panel  and  its  mold.  It  was  essential  that  the  same  point  location  was 
contacted  on  each  part.  In  only  this  way  could  comparisons  between  panels,  and 
between  panels  and  molds,  be  made.  The  procedure  of  staging  (mounting)  a  part, 
locating  the  part  in  the  measurement  volume  of  the  CMM,  locating  the  target 
points,  and  approaching  and  contacting  the  points  on  the  part  is  described  in  this 
section. 


The  electronics  and  software  routines  resident  on  the  CMM  eliminated  the 
need  for  a  precision  mounting  of  the  parts.  The  CMM  can  orient  a  frame  of 
reference  relative  to  a  part,  instead  of  having  the  part  fixtured  precisely  in  a 
certain  place  and  orientation  relative  to  the  CMM's  default  frame  of  reference. 
The  chance  for  error  in  fxxturing  was  thus  not  present  in  the  dimensional 
mapping  of  the  panels  and  molds.  A  consideration  in  mapping  the  molds  was 
that  we  had  no  choice  but  to  map  the  mold  halves  separately.  This  presented  a 
challenge  in  bringing  the  2  sets  of  data  together  (1  for  the  mold  core,  1  for  the  mold 
cavity),  in  an  accurate  manner.  The  trials  and  errors  of  this  will  be  discussed 
later.  In  contrast  to  the  molds  however,  we  could  stage  the  panels  in  such  a 
manner  that  all  target  point  coordinates  could  be  obtained  in  one  staging.  This 
eliminated  the  need  for  bringing  2  sets  of  data  together;  all  data  acquired  on  the 
panels  was  relative  to  a  single  frame  of  reference. 

Flat  Panels 

The  flat  panels  were  staged  on  the  CMM  as  shown  in  Fig  5.  The  panel  was 
set  upright,  on  one  thickened  sill  edge.  Blocks  were  placed  under  the  lower  sill 
edge  so  the  target  points  on  the  lower  edge  could  be  contacted.  The  panel  was  held 
in  place  by  a  simple  C-clamp  and  angle  iron  jig.  Although  the  flat  panel  data 
acquisition  program  would  automatically  establish  the  reference  frame  and 
acquire  the  data,  the  operator  had  to  initialize  the  program  by  letting  the  CMM 
know  where  the  panel  was.  This  was  accomplished  by  the  operator  manipulating 
the  probe  to  contact  several  points  on  the  panel.  The  operator  touched  3  points  on 
one  of  the  optical  surfaces,  2  points  on  the  upper  sill  edge,  and  1  point  on  the  fiat 
surface  adjacent  to  the  curved  "arch"  of  the  flat  panel  (the  arch-plate  surface). 
The  part  program  already  had  the  nominal  dimensions  of  the  panel,  so  with  these 
operator-supplied  points  as  input,  the  part  program  could  then  take  over  the 
mappint  procedure. 

Reference  Frame  Establishment:  The  CMM  first  established  a  primary 
plane  by  touching  seven  widely  spaced  points  on  the  core  side  optical  surface  (Fig 
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6).  A  best-fit  plane  was  then  calculated  through  the  seven  points,  and  this  was 
defined  as  the  X  =  0  plane.  Next,  five  points  were  touched  on  the  arch-plate 
surface,  at  X  =  -0.25".  A  host-fit  line  was  calculated  through  the  five  points, 
translated  to  X  =  0,  and  was  defined  as  the  Z  axis.  This  fixed  the  X  =  0  plane  in 
rotation,  and  defined  Y  =  0  location  on  the  X  =  0  plane.  The  Z  =  0  point  on  the  Z 
axis  was  found  by  calculating  the  mid-line  between  two  lines  best-fit  through  five 
points  on  each  of  the  sill  edges,  at  X  =  0.  This  procedure  produced  a  flac  panel 
reference  frame  that  had  its  origin  midway  between  the  sill  edges,  at  the 
intersection  of  the  core  side  optical  surface  and  the  arch-plate  surface.  This 
procedure  for  reference  frame  establishment  was  used  on  all  flat  panels,  and  a 
slightly  modified  version  was  used  on  the  flat  plate  mold. 

Data  Acquisition:  With  the  reference  frame  established,  the  CMM 
proceeded  to  acquire  the  coordinates  of  the  target  points.  During  data  acquisition, 
the  part  program  directed  the  probe  to  move  in  a  systematic  order  across  the 
panel's  optical  surfaces.  With  the  probe  positioned  approximately  1/4"  off  (in 
either  the  +  or  -  X  direction)  of  the  intended  surface,  the  CMM  moved  and 
positioned  the  probe  to  the  desired  Y  and  Z  coordinates.  Once  in  position,  the  probe 
then  approached  the  surface  in  the  desired  X  direction  until  contact  was  made. 
Upon  contact,  the  CMM  first  recorded  the  actual  X,  Y,  Z  coordinates  of  the  probe 
tip's  center.  Because  the  location  of  the  target  points  for  the  flat  panel  were  all  on 
flat  surfaces,  the  CMM  could  easily  approach  the  points  in  a  normal  direction. 
This  simple  surface  shape  allowed  for  a  simple  '1)011  radius  compensation"  to  be 
calculated  (Fig  7)  by  the  CMM  which  translated  the  X,  Y,  Z  coordinates  of  the 
probe  tip  center,  in  the  approach  direction,  to  the  surface  of  the  probe  tip.  This 
resulted  in  the  X,  Y,  Z  of  the  actual  contact  point.  In  a  like  manner,  the  CMM 
obtained  the  coordinates  of  all  target  points  on  all  the  intended  surfaces  of  the  flat 
panels. 

Flat  Panel  Mold 


Reference  Frame  Establishment:  As  mentioned  above,  we  had  no  choice  but 
to  dimensionally  map  the  mold  halves  separately.  Although  the  mold  surfaces 
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mold  may  not  be  present  on  the  core  half.  For  this  reason,  reference  frame 
establishment  on  the  flat  panel  mold  halves  was  modified  from  that  on  the  flat 
panels.  The  core  of  the  mold  happened  to  have  all  the  surfaces  required  to 
establish  the  frame  of  reference  in  the  same  manner  as  the  panel,  using  the 
optical  surface,  arch-plate  surface,  and  sill  edge  surfaces.  The  cavity,  on  the  other 
hand,  has  no  arch-plate  surface  and  it  only  had  a  couple  of  very  small  surfaces  at 
the  sill  edges.  The  cavity  does  have  an  optical  surface,  although  it  is  offset  from 
the  core  side  optical  surface  by  either  1/2"  or  3/4".  To  establish  the  "same"  frame 
of  reference  then  on  the  cavit>  half,  we  had  to  make  use  of  other  features  of  the 
mold. 


During  operation,  the  mold  halves  are  aligned  by  tapered  guide  pins  on  one 
half,  and  tapered  sockets  on  the  other  half  (Fig  8).  When  establishing  the  frame  of 


reference  on  the  core  half,  the  intersections  of  the  axes  of  the  guide  pin  sockets 
with  the  parting  plane  were  found.  The  positions  of  these  intersection  points  were 
then  recorded  relative  to  the  established  frame  of  reference.  In  this  manner,  the 
distance  from  the  mid-line  and  the  arch-plate  surface  to  the  intersection  points 
was  found.  On  the  cavity  half,  the  primary  plane  and  mid-line  were  found  using 
the  optical  surface  and  the  small  sill  edge  surfaces,  respectively.  A  temporary 
arch-plate  location  was  assumed,  in  order  to  establish  a  temporary  frame  of 
reference.  The  intersections  of  the  axes  of  the  guide  pins  with  the  parting  plane 
were  then  found.  Based  on  these  intersection  point  locations,  appropriate 
translations  were  performed  to  bring  the  cavity  halfs  frame  of  reference  into 
alignment  with  the  core  halfs. 

During  the  1991  DM  effort,  in  order  to  have  more  confidence  in  bringing  the 
data  for  the  core  together  with  the  data  for  the  cavity,  12  additional  target  points 
(six  on  the  core,  six  on  the  cavity)  were  identified  for  the  mold.  Six  widely  spaced 
parting  plane  points  on  the  core  would  be  acquired,  as  would  six  similarly  located 
parting  plane  points  on  the  cavity.  When  the  data  halves  were  brought  together, 
the  two  sets  of  six  points  should  have  been  coincident.  In  practice,  this  did  not 
happen.  Although  the  1991  DM  data  was  usable,  lessons  learned  during  that 
effort  resulted  in  external  tooling  spheres  being  used  in  mold  mapping  in  the  1992 
effort.  The  reasons  why,  and  the  adjustments  made  will  be  discussed  in  detail 
later. 


Data  Acquisition:  After  reference  frame  establishment,  the  dimensional 
mapping  of  the  flat  panel  mold  halves  proceeded  much  in  the  same  manner  as  on 
the  panels.  The  probe  was  positioned  over  a  target  point  in  Y  and  Z,  and  then 
approached  in  the  X  direction  until  contact  was  made.  The  same  ball  radius 
compensation  was  performed,  and  the  contact  point  coordinates  were  recorded. 

Conical  Panels 


The  conical  panels  were  staged  on  the  CMM  as  shown  in  Fig  9.  The  cone 
was  placed  nose  down  on  the  CMM  table,  so  that  all  desired  target  points  were 
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arrangement  that  applied  a  slight  pressure  to  the  aft  faces  of  the  two  aft  tabs 
(however,  Fig  9  shows  the  clamps  on  the  forwrd  tabs).  As  with  the  flat  panels,  the 
CMM  operator  needed  to  manipulate  the  probe  to  contact  several  points  on  the 
cone  so  the  CMM  knew  where  the  cone  was  in  its  measuring  volume.  The 
operator  touched  three  points  on  the  flat,  semi-circular  aft  edge  surface,  two 
points  on  each  of  the  flat  sill  edges,  and  three  points  on  the  outer  optical  surface. 
The  part  program  already  had  the  nominal  dimensions  of  the  cone,  so  with  these 
operator-supplied  points  as  input,  the  part  program  could  then  take  over  the 
mapping  procedure. 


Reference  Frame  Establishment:  The  CMM  first  established  a  primary 
plane  by  touching  seven  widely  spaced  points  on  the  flat,  semi-circular  aft  edge 
(Fig  10).  A  best-fit  plane  was  then  calculated  through  the  seven  points,  and  this 


was  defined  as  the  Y  =  0  plane.  Next,  three  points  were  touched  on  each  of  the  flat 
sill  edges.  A  best-fit  plane  was  calculated  through  the  six  points,  and  the 
intersection  of  this  plane  with  the  primary  Y  =  0  plane  was  defined  as  the  X  axis. 
This  fixed  the  Y  =  0  plane  in  rotation,  and  defined  the  Z  =  0  location  on  the  Y  =  0 
plane.  Next,  the  probe  touched  seven  equally  spaced  points  on  the  outer  optical 
surface,  at  Y  =  -0.25".  A  best  fit  circle  was  generated  through  the  seven  points, 
and  the  center  point  of  the  circle  calculated  and  translated  in  Y  and  Z  to  the  X 
axis.  This  procedure  produced  a  conical  panel  reference  frame  that  had  its  origin 
at  the  intersection  of  the  aft  edge  plane  and  the  axis  of  the  cone  described  by  the 
outer  conical  surface.  This  procedure  for  reference  frame  establishment  was 
used  on  all  conical  panels,  and  a  slightly  modified  version  was  used  on  the  cone 
mold. 


Data  Acquisition:  With  the  reference  frame  established,  the  CMM 
proceeded  to  acquire  the  coordinates  of  the  target  points.  During  data  acquisition, 
the  part  program  directed  the  probe  to  move  in  a  systematic  order  around  the 
cone's  surfaces.  A  short  discussion  of  the  target  point  grid  for  the  cone  is  in  order 
here  (ref  Fig  3). 


Sill  Edge  Target  Points:  The  sill  edge  target  points  were  arranged  in  a  one 
inch  by  one  inch  grid.  The  grid  was  defined  by  the  intersections  of  two  sets 
of  section  cuts.  One  set  of  sections  were  parallel  to  the  aft  edge  surface, 
spaced  one  inch  apart,  starting  at  0.25"  forward  of  the  aft  edge.  The  other  set 
of  sections  were  parallel  to  the  flat  sill  edge  surface,  spaced  one  inch  apart, 
starting  at  0.25"  from  the  sill  edge  surface.  This  grid  defined  four  stations 
(or  rows)  of  target  points  on  each  of  the  four  curved  sill  edge  surfaces,  with 
each  station  having  13  points  in  the  aft  to  forward  direction. 


Optical  Surface  Target  Points:  The  optical  surface  target  points  were 
arranged  in  a  one  inch  by  five  degree  grid.  The  grid  was  defined  by  the 
intersections  of  two  sets  of  section  cuts.  As  on  the  sill  edges,  one  set  of 
sections  were  parallel  to  the  aft  edge  surface,  spaced  one  inch  apart, 
starting  at  0.25"  forward  >f  the  aft  edge.  The  other  set  were  radial  sections 
originating  on  the  cone's  axis.  These  included  a  centerline  section,  and 
sections  from  +65  degrees  from  centerline  to  -65  degrees  from  centerline,  at 
5  degree  increments.  This  grid  defined  27  stations  of  target  points,  with  a 
varying  number  of  points  in  each  station,  counting  from  aft  to  forward.  The 
centerline  station  had  13  points,  while  the  ±  65  degree  stations  only  had  3 
points  each. 

At  the  sill  edges,  the  CMM  acquired  data  by  positioning  the  probe  at  the 
desired  Y  and  Z  coordinates.  Once  in  position,  the  probe  then  approached  the 
surface  in  the  desired  X  direction  (either  inboard  or  outboard)  until  contact  was 
made.  At  the  optical  surfaces,  the  CMM  positioned  the  probe  at  the  desired  Y 
coordinate,  and  then  approached  the  surface  along  the  radial  direction,  toward  (or 
away  from)  the  cone  axis.  Upon  cont  act,  the  CMM  first  recorded  the  actual  X,  Y,  Z 
coordinates  of  the  probe  tip's  center.  As  with  the  flat  panels,  the  simple  "ball 
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radius  compensation"  (ref  Fig  7)  was  calculated  by  the  CMM  which  translated,  in 
the  approach  direction,  the  X,  Y,  Z  coordinates  of  the  probe  tip  center  to  the  surface 
of  the  probe  tip.  In  a  like  manner,  the  CMM  obtained  the  coordinates  of  all  target 
points  on  all  the  intended  surfaces  of  the  conical  panels.  However,  unlike  the  flat 
panels,  where  approach  by  the  probe  was  normal  to  the  surface,  the  actual  contact 
on  the  cone  surfaces  was  not  completely  normal  to  the  approach  direction.  This 
effect  is  called  "ball  tangency  error"  and  was  compensated  for  during  the 
reduction  of  the  conical  data.  This  will  be  discussed  later  in  this  paper. 

Cone  Mold 

Reference  Frame  Establishment:  As  with  the  flat  panel  mold,  the  cone 
mold  halves  had  to  be  mapped  separately.  Also  like  the  flat  panel  mold,  the 
parting  plane  and  tapered  pins  and  sockets  were  used  to  align  the  two  reference 
frames  with  each  other.  The  core  half  of  the  cone  mold  had  all  features  necessary 
to  establish  it's  reference  frame  in  the  same  manner  as  the  conical  panel  (Fig  11). 
Intersection  points  of  the  socket  axes  and  the  parting  plane  were  also  found  so 
that  these  locations  could  be  used  to  assist  in  reference  frame  establishment  on 
the  cavity  half.  The  features  used  on  the  cavity  half  were  the  conical  surface, 
parting  plane,  and  the  tapered  pin  axes.  Through  translations  of  feature 
locations,  the  cavity  reference  frame  was  brought  into  alignment  with  the  core 
half  s. 
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additional  parting  plane  target  points 
(six  on  the  core,  six  on  the  cavity)  were  identified  for  the  cone  mold,  to  assist  in 
bringing  the  two  halves  of  data  together  during  data  reduction.  Also  as  with  the 
flat  panel  mold,  external  tooling  spheres  were  used  in  the  1992  DM  effort  to  do  a 
better  job  of  bringing  the  data  halves  together. 


Data  Acquisition:  After  reference  frame  establishment,  the  dimensional 
mapping  of  the  cone  mold  halves  proceeded  much  in  the  same  manner  as  on  the 
panels.  At  the  sill  edges,  the  probe  was  positioned  over  a  target  point  in  Y  and  Z, 
and  then  approached  in  the  X  direction  until  contact  was  made.  The  ball  radius 
compensation  was  performed,  and  the  X,  Y,  Z  coordinates  were  recorded. 

At  the  optical  surfaces,  the  CMM  positioned  the  probe  at  the  desired  Z  coordinate, 
and  then  approached  the  surface  along  the  radial  direction,  toward  (or  away 
from)  the  cone  axis  until  contact  was  made.  The  ball  radius  compensation  was 
performed,  and  the  X,  Y,  Z  coordinates  were  recorded.  In  a  like  manner,  the 
CMM  obtained  the  coordinates  of  all  target  points  on  all  the  intended  surfaces  of 
the  cone  mold  halves.  As  with  the  conical  panels,  the  ball  tangency  error 
encountered  was  compensated  for  during  data  reduction. 


Data  Reduction  and 


The  data  for  each  of  the  panels  and  mold  halves  was  delivered  to  WL/FIVK. 
as  ASCII  text  files  on  computer  diskette.  The  data  was  transferred  to  a 
workstataion  and  converted  to  a  format  readable  by  PATRAN,  a  computer  aided 


engineering  (CAE)  software  package  marketed  by  PDA  Engineering,,  Xnc.  Once 
read  into  PATRAN,  the  data  could  be  processed  in  a  3D  environment,  making  the 
task  of  data  reduction  and  post-processing  easier  to  visualize  (Fig  12-14).  The  data 
reduction  procedure  essentially  consisted  of  calculating  thickness  values  and 
overall  dimensions  from  the  point  coordinates.  The  panel  thickness  values  were 
subtracted  from  the  mold  thickness  values  to  yield  through-the-thickness 
shrinkage  values.  Panel  overall  dimensions  were  subtracted  from  mold  overall 
dimensions  to  yield  overall  shrinkage.  The  post-processing  basically  entailed 
creating  contour  plots  and  X-Y  plots  of  thickness  and  shrinkage  results  (Fig  15- 
16). 


Flat  Panels  and  Mold:  Since  the  CMM  probe  had  approached  the  flat  panel 
and  mold  surfaces  in  a  normal  direction,  the  data  delivered  was  coordinates  of 
actual  contact  points.  Furthermore,  the  grid  of  target  points  was  constructed 
such  that  the  points  on  the  core  side  of  the  mold  had  the  same  Y  and  Z  coordinates 
as  the  points  on  the  cavity  side  (ref  Fig  6).  Thickness  calculations  were  performed 
by  finding  the  X  displacement  between  the  core  points  and  the  cavity  points.  The 
length  measurements  were  determined  by  finding  the  difference  in  Y  between 
the  points  on  the  arch  end  of  the  panel  and  the  points  on  the  gate  end  of  the  panel. 
Likewise,  width  measurements  were  determined  by  finding  the  difference  in  Z 
between  points  on  opposite  sill  edges.  Typical  results  for  the  flat  panels  are  shown 
in  Fig  16. 

Corneal  Panels  and  Mold:  The  thickness  and  overall  dimension 
calculations  for  the  cones  and  the  mold  required  additional  calculations  because 
of  the  ball  tangency  error  noted  above.  Fig  17  shows  an  exaggerated  blow-up  of  the 
probe  tip  contacting  a  small  portion  of  the  center  line  section  on  a  cone.  The  probe 
approaches  the  target  point  T  at  a  constant  Z  value,  and  toward  the  cone  axis. 
Instead  of  contacting  point  T  however,  actual  contact  is  made  at  point  A.  The 
CMM  is  keeping  track  of  the  probe  tip  center  0,  and  upon  contact  performs  the 
ball  radius  compensation  that  results  in  the  coordinates  of  point  C  being  recorded. 
The  point  recorded  is  short  from  the  target  point  T  by  the  distance  "d".  If  not 
corrected,  the  result  would  be  panel  data  that  showed  a  thickness  greater  than 
actual,  and  mold  data  that  showed  thickness  less  than  normal.  The  correction 
applied  was  to  further  translate  the  coordinates  the  additional  distance  "d". 
There  were  several  reasons  this  correction  was  carried  out  during  the  data 
reduction  instead  of  internally  to  the  CMM  including:  programming  difficulties, 
CMM  scheduling,  and  the  fact  that  the  correction  seemed  simple  enough  to  take 
care  of  in  the  data  reduction. 

Once  the  cone  and  cone  mold  data  were  in  PATRAN  on  the  workstation  at 
WL/FIVR,  the  ball  tangency  error  was  corrected.  The  correction  entailed 
generating  lines  through  the  "C"  data  points,  finding  the  local  angles  required  at 
the  "C"  data  points,  calculating  the  distance  "d"  required,  and  generating  the  new 
coordinates  of  the  intended  target  points  "T"  (ref  Fig  17).  Once  this  was  done,  lines 
were  generated  through  the  new  data  points  on  the  outer  surface,  and  the  normal 
thicknesses  from  the  inside  surface  points  to  these  lines  were  calculated. 


Appropriate  care  was  taken  to  account  for  the  reversed  direction  of  approach  to 
mold  surfaces  as  compared  to  panel  surfaces.  For  the  probe  to  approach  the  outer 
surface  of  the  panel,  it  travelled  toward  the  cone  axis;  while  to  approach  the  outer 
surface  of  the  mold,  it  travelled  away  from  the  cone  axis. 

The  overall  dimensions  of  the  cone  and  cone  mold  were  found  in  much  the 
same  manner  as  in  the  flat  panels  and  mold.  Width  measurements  were 
calculated  from  the  difference  in  X  of  corresponding  points  on  opposite  sills. 
Length  measurements  were  calculated  from  Z  differences  between  points  on  the 
aft  edge  surface  and  points  on  the  forward  faces  of  the  forward  tabs.  The  nose  face 
of  the  cone  was  not  used  because  it  was  not  a  molded  surface,  but  a  machined  or 
sawed  off  surface.  Additionally,  the  con  mold  did  not  have  a  corresponding  nose 
surface.  Typical  results  for  the  cones  are  shown  in  Fig  18. 

Data  From  Separate  Mold  Halves:  Care  was  taken  to  establish  reference 
frames  on  the  mold  halves  such  that  the  data  obtained  from  one  half  was  correctly 
orientated  with  data  obtained  from  the  other  half.  In  theory,  this  was  a  sound 
approach,  but  in  practice  slight  adjustments  had  to  be  made.  When  the  mold  data 
was  reviewed,  we  found  that  the  parting  plane  points  from  the  core  half  of  each 
mold  were  located  internal  to  the  plane  defined  by  the  cavity  half  parting  plane 
points.  In  essence,  that  the  mold  halves  were  compressed  together  further  than 
physically  possible.  This  was  attributed  to  the  fact  that  the  primary  planes  are 
best  fit  to  points  on  a  machined  surface,  and  the  best  fit  was  different  for  the  two 
halves.  On  a  panel,  only  one  primary  plane  was  defined  and  all  data  from  the 
panel  was  taken  relative  to  the  one  reference  frame.  On  the  molds,  a  primary 
plane  is  found  for  each  half,  and  hence  two  separate  reference  frames  are 
generated.  An  adjustment  was  in  order,  and  the  approach  taken  in  1991  was  to 
translate  all  data  points  from  one  half  until  the  parting  plane  points  became  as 
coincident  as  possible,  without  the  parting  planes  penetrating  one  another. 

The  same  approach  was  used  during  the  initial  stages  of  the  1992  DM  effort. 
However,  another  complication  arose.  We  knew  that  the  cone  mold  had  been 
scratched  and  then  polished  between  the  two  DM  efforts.  We  therefore  expected  to 
see  slightly  thicker  cones  and  a  slightly  thicker  cone  mold  cavity.  W e  mapped  the 
cones  first,  and  did  indeed  see  the  increased  thickness  where  the  polishing  took 
place.  However,  when  we  applied  the  same  parting  plane  point  adjustment  to  the 
cone  mold  data,  we  observed  reduced  thickness  in  the  cone  mold  cavity  as 
compared  to  the  1991  data.  After  checking  the  data  and  adjustments  made  for 
both  efforts,  it  was  decided  to  re-map  the  cone  mold  with  external  tooling  spheres 
attached. 


Three  tooling  spheres  were  attached  to  the  external  surfaces  of  each  mold 
half  (Fig  19,  only  two  spheres  are  seen  here,  the  third  is  hidden  from  view).  The 
tooling  spheres  were  calibration  balls  precision  ground  to  within  0.000005"  of 
perfect  roundness.  The  mold  halves  were  mapped  as  before,  except  that  the  CMM 
also  calculated  the  three  centers  of  the  core  tooling  spheres  relative  to  the  core 
frame  of  reference,  and  the  three  centers  of  the  cavity  tooling  spheres  relative  to 


the  cavity  frame  of  reference.  Then  the  mold  was  put  together  (Fig  20,  two  of  the 
spheres  are  hidden  from  the  view),  as  it  would  be  just  prior  to  molding,  and  the  six 
centers  of  the  tooling  spheres  were  calculated  relative  to  a  single  reference  frame. 
When  the  mold  data  was  brought  up  on  the  workstation,  an  adjustment  in  mold 
half  positions  could  be  made  using  the  tooling  sphere  centers.  When  the 
adjustment  was  made,  it  was  found  that  the  parting  plane  points  did  not  "pierce- 
through"  each  other.  In  fact,  there  was  a  slight  gap  (0.001"  -  0.005")  between  five  of 
the  six  sets  of  parting  plane  points.  The  gaps  can  be  attributed  to  imperfections, 
such  as  unobserved  high  spots,  in  the  parting  plane.  The  lesson  learned  here  was 
that  in  combining  two  separate  halves  of  data,  precise  external  surfaces  need  to  be 
used  as  references. 

Although  the  imperfect  parting  plane  adjustment  brought  into  question  the 
validity  of  the  1991  DM  data,  results  of  the  1992  DM  effort  showed  the  same  trends 
and  magnitudes  of  shrinkage.  This  indicates  that  the  errors  in  the  values  of  the 
1991  data  are  slight,  and  that  the  general  approach  used  in  applying  the  1991  data 
to  the  CFT  and  CFT  mold  design  was  still  sound. 

Results  Summary  Of  Thg  *91  And  *92  Dimensional  Manning  Efforts 

It  was  found  that  staging  a  part  only  once  for  data  acquisition  is  highly 
preferable  to  multiple  stagings.  If  a  part  must  be  staged  more  than  once,  extreme 
care  must  be  taken  to  ensure  that  the  multiple  sets  of  data  can  be  accurately 
combined. 


An  attempt  was  made  to  confirm  the  thickness  values  calculated  from 
CMM  data  by  cutting  up  one  of  the  dimensionally  mapped  cones,  and  using  a 
micrometer  to  measure  the  thickness  at  a  group  of  target  points.  The  micrometer 
thickness  readings  were  consistently  within  0.001"  of  the  dimensional  mapping 
thickness  values.  However,  the  repeatability  of  the  micrometer  readings  also 
varied  by  approximately  ±  0.001",  presumably  from  human  factors  and/or 
positioning  the  micrometer  accurately  in  the  same  place. 
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observed  in  the  flat  and  conical  panels  was  very  close  to  the  shrinkage  quoted  by 
resin  manufacturers,  even  though  the  panels  were  molded  using  an  atypical  low 
pressure,  long  cycle  process.  The  shrinkage  observed  for  panels  molded  from 
plain  vanilla  polycarbonate  was  on  the  order  of  0.007  inch/inch,  essentially  the 
same  as  the  quoted  0.006  inch/inch. 

Shrinkage  through  the  thickness  of  the  panels  was  not  only  much  higher 
than  quoted  values  (ie.  0.020  -  0.035  inch/inch),  it  also  varied  with  location  on  the 
panels.  The  details  of  shrinkage  observed  and  possible  reasons  for  the  shrinkage 
are  described  in  Reference  2. 


Conclusions 
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Based  on  the  same  trends  and  magnitudes  shown  in  both  DM  efforts,  the 
use  of  a  CMM  to  acquire  data  points  for  part  measurement  is  determined  to  be  a 
very  reliable  method. 

The  accuracy,  repeatability,  and  automation  capabilities  of  a  CMM  are  very 
desirable  in  part  measurement.  When  compared  to  techniques  involving  human 
manipulation  of  hand  held  instruments,  the  CMM  is  at  least  an  order  of 
magnitude  more  accurate  and  reliable. 


The  use  of  a  CMM  however,  is  orders  of  magnitude  more  complex  and 
expensive  than  using  hand  held  instruments.  The  automation  capabilities  can't 
be  realized  without  a  potential  lengthy  program  development  period.  Additionally, 
CMM's  are  definitely  not  portable,  they  require  installation  in  a  controlled 
environment  in  order  to  realize  the  accuracy  and  repeatability  benefits. 

Extensive  communication  is  required  between  the  party  wanting  the  part 
measured,  and  the  party  iising  the  CMM  to  measure  the  part.  Both  parties  in 
these  efforts  learned  a  great  deal  from  each  other. 
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The  data  for  these  efforts  has  been  acquired  and  processed  over  the  last  two 
years.  Most  recently,  the  flat  plate  mold  data  was  processed  in  June  1993. 
Although  the  data  has  been  processed  and  analyzed,  a  complete  and  final  study 
and  analysis  of  all  the  data  should  be  accomplished. 


The  CFT  mold  fabrication  was  recently  completed  in  June  1993,  and  the 
mold  was  dimensionally  mapped  as  a  final  step  in  that  fabrication.  The  CFT  mold 
DM  data  should  be  analyzed  and  thickness  values  produced  prior  to  CFT  molding 
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Once  molded,  the  CFTs  should  be  dimensionally  mapped  using  the  same 
target  point  grid  as  the  CFT  mold. 

The  CFTs  should  also  be  thoroughly  measured  by  hand,  and  a 
determination  should  be  made  as  to  whether  or  not  dimensionally  mapping 
transparencies  by  CMM  is  required. 

Optical  evaluation  data  for  the  CFTs  should  be  correlated  with  the  CFT 
dimensional  mapping  data.  This  correlation  may  prove  valuable  in  possible 
future  efforts  to  design  transparencies  to  specific  optical  requirements. 
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DIRECTLY  FORMED  FRAMELESS  AIRCRAFT  TRANSPARENCIES 
SUB  SCALE  DEVELOPMENT  PANELS 
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FIG  5  FLAT  PANEL  STAGING 


Points  Shown  Used 
To  Establish  Frame 
Of  Reference 


PANEL  REFERENCE  SYSTEM 


The  CMM  keeps  track  of  the  probe 
tip  center,  "O".  Upon  contact  with 
the  part  surface,  the  coordinates 
of  "0“  are  translated  in  the 
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FIG  7  -  BALL  RADIUS  COMPENSATION 


;G  8  FLAT  PANEL  MOLD  -  TAPERED  SOCKET  ON  PARTING  PLANE 
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FIG  9  CONICAL  PANEL  STAGING 


Points  shown  used 
to  establish  frame 
of  reference 


FIG  10  -  CONICAL  PANEL  REFERENCE  SYSTEM 


FiG  1 1  CONICAL  PANEL  MOLD 


FIG  1J>  CMM  DATA  POINTS  TRANSFERRED  TO  WORKSTATION 


FIG  13  SUHFACES  CONTAINING  CMM  DATA  POINTS 


FIG  1 4  SOLID  SHADING  OF  SURFACF.S  CONTAINING  CMM  DATA  POINTS 
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FIG  15  -  CONTOUR  PLOT  OF  COME  THICKNESS  DATA 


Plates,  Centerline 


PLOT  OF  FLAT  PLATE  THICKNESS  DATA 


Anticipated  contact  at  Point  C 
Actual  contact  at  Point  A 
Desired  target  is  Point  T 


TANGENCY  ERROR  COMPENSATION 


FIG  18  -  TYPICAL  TREND  OF  CONE  THICKNESS  RESULTS 


FIG  1 9  CORE  HALF  OF  CONE  MOLD,  WiTH  TOOLING  SPHERES 
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ABSTRACT 


One  of  the  objectives  of  the  WL/FIVR  frameless  program  is  to 
mold  the  Confirmation  Frameless  Transparency  (CFT),  a  research  and 
verification  windshield.  Although  the  CFT  was  not  designed  as  an 
actual  flight  item,  it  has  a  size  and  shape  representative  of  a 
typical  aircraft  windshield.  One  of  the  many  tasks  involved  jn 
designing  the  CFT  and  the  CFT  mold  was  to  attempt  to  compensate 
for  the  variable  shrinkage  found  in  large,  thick-walled,  directly 
formed  transparency  panels.  Excessive  thickness  variation  in  the 
optical  area  would  result  in  distortion  of  scenes  viewed  through 
the  transparency.  in  order  to  produce  closely  toleranced, 
directly  formed  transparencies,  it  is  essential  to  understand  the 
relationships  between  molding  process  parameters  and  part 
shrinkage,  and  to  apply  that  understanding  to  the  design  of  the 
mold. 


This  paper  includes  an  analysis  of  the  shrinkage 
characteristics  of  large,  thick-walled,  directly  formed 
transparency  panels,  and  a  review  of  the  molding  parameters  used 
for  each  panel.  The  optimum  molding  conditions,  based  on  overall 
molded  quality  are  discussed.  The  potential  causes  of  variable 
shrinkage  were  investigated,  and  correlations  between  shrinkage 
and  process  parameters  are  included.  Additionally  the  application 
of  shrinkage  compensation  to  the  CFT  mold  and  to  future 
transparency  molds  is  presented. 


INTRODUCTION 


The  increasing  demand  for  more  efficient  transparency  design, 
low  cost  manufacturing,  and  longer  service  life  lias  led  to  the 
concept  of  the  directly  formed  frameless  transparency  program. 
The.  goal  of  the  frameless  transparency  program  is  to  eliminate  the 
metal  frame  and  all  components  necessary  for  attachment  of  the 
transparency  panel  to  the  frame.  This  can  be  achieved  by  forming 
the  transparency  directly  from  the  molten  plastic  resin  in  a  mold 
which  permits  thickness  control  to  provide  structural  stiffness  at 
transparency  edges.  The  hardware  facilitating  a  direct  interface 
between  the  transparency  and  the  aircraft  can  also  be  molded  in 
place  when  the  transparency  is  formed. 

The  direct  forming  method  offers  many  potential  advantages  for 
aircraft  transparency  fabrication.  It.  is  capable  of  producing 
transparencies  .in  large  quantities  at  a  low  cost  with  practically 
no  finishing  operations.  The  surfaces  of  injection  molded  parts 
are  usually  as  smooth  as  the  surfaces  of  the  mold  cavity  in  which 
they  are  formed.  Furthermore,  the  process  allows  tailoring  of 
transparency  thickness  in  the  optical  area  to  achieve  optical 
quality  and  structurally  adequate  sills  to  accommodate 
transparency  to  aircraft  interfacing.  Compared  to  current  forming 
techniques  which  are  labor  intensive  and  difficult  to  control, 
injection  molding  is  primarily  a  one  process  technique  in  which 
part  quality  can  be  closely  centre  lied  and  repeated. 

To  produce  closely  tolerances  transparencies  using  a  direct 
forming  (i.e.  injection  molding)  process,  it  is  essential  to  be 
able  to  characterize  part  shrinkage  after  forming.  This  shrinkage 
data  will  then  be  used  to  compensate  future  molds  to  obtain  parts 
of  desired  shape  and  size.  To  incorporate  part  shrinkage  into 
the  mold  design,  the  current  practice  is  to  scale  up  the  mold 
cavity  dimensions  uniformly  by  a  constant  shrinkage  allowance 
factor,  which  in  theory  indicates  how  much  the  part  will  contract 
after  it  cools  down.  But  except  for  simple  shapes,  some  critical 
dimension.1  of  the  part  will  generally  deviate  from  the 
compensated  values  as  the  shrinkage  tends  to  vary  with  location. 

The  thickness  distribution  in  the  optical  area  is  critical  to 
optical  quality  of  a  transparency.  Excessive  thickness  variation 
would  result  in  distortion  of  scenes  viewed  through  the 
transparency.  Dimension  control  objectives  for  the  Confirmation 
Frameless  Transparency  (CFT)  .included  achieving  design  thickness 
in  the  optical  area  within  plus  or  minus  .008  inches  arid 
thickness  gradients  of  less  than  .004  inches  in  4.0  inches  in  any 
direction  from  any  point  in  the  optical  area.  This  stringent 
requirement  for  dimensional  accuracy  has  made  compensation  for 
variable  shrinkage  one  of  the  most  critical  tasks  during  the  mold 
design. 


OBJECTIVES 


The  goal  of  this  research  was  to  characterize  shrinkage  which 
occurred  in  thermoplastic  injection  molded  panels  in  support  of 
the  directly  formed  frameless  transparency  program.  The 
effects  of  molding  process  parameters  on  part  shrinkage  were 
examined  and  the  causes  of  variable  shrinkage  in  the  part  were 
investigated.  Specifically,  this  study  aimed  to  achieve  the 
following  objectives: 


(1)  Correlate  part  shrinkage  to  molding  parameters  used. 

(2)  Apply  a  shrinkage  compensation  to  the  CFT  mold. 

LITERATURE  REVIEW 

The  increasing  use  of  injection  molding  in  the  plastics 
industry  during  the  past  few  decades  has  spawned  a  great  deal 
of  research  on  part  shrinkage  after  molding.  Many  studies  have 
been  carried  oxit  to  understand  and  predict  shrinkage  for  the 
purpose  of  sizing  the  mold.  Part  shrinkage  for  molding  with 
different  types  of  plastic  resins,  geometries,  and  process 
conditions  have  been  documented  in  References  1  and  2.  The 
results  pertinent  to  this  work  are  summarized  here. 


1.  Part  shrinkage  is  a  local  phenomenon,  instead  of  a  global 
one.  Therefore,  shrinkage  values  in  a  part  would  vary  from 
location  to  location.  For  simple  parts,  the  variation  is  minimal. 
But  for  large,  thick-walled  components,  the  variation  can  be 
quite  significant.  Since  shrinkage  is  not  uniform  in  all 
directions,  this  may  often  lead  to  many  modifications  of  the  mold 
and  occasionally  to  a  complete  retooling. 

2,  Part  shrinkage  is  a  function  of  molding  process  conditions  and 
possibly  of  geometric  factors.  It  depends  on  the  parameters  such 
as  packing  pressure,  melt  temperature,  injection  pressure, 
packing  time,  screw  speed,  melt  flow  index,  part  thickness,  and 
flow  length.  To  completely  characterize  part  shrinkage,  the 
dominant  process  variables  must  be  identified  and  the  correlations 
between  those  variables  and  shrinkage  established. 

Typically,  previous  studies  have  been  limited  to  molding  of 
relatively  small  plastic  parts.  Shot  sizes  of  only  a  few  ounces 
in  weight  are  common.  Consequently,  the  findings  from  previous 
work  may  not  be  directly  applicable  to  the  mold  design  for  large 
thick- wailed  parts,  which  is  the  main  interest  of  this  study. 


PROCSSS  CONDITIONS  AND  PART  SHRINKAGE  FOR  PANELS 


To  further  develop  process  conditions  and  study  the  shrinkage 
characteristics  for  large,  thick-walled  panels,  WL/FIVRB  has 
molded  hundreds  of  process  evaluation  test  panels  during  a  number 
of  injection  molding  trials.  The  process  evaluation  panels 
fabricated  consist  of  cwo  shapes:  flat  and  conical  panels,  as 
shown  in  Figure  1.  Both  geometries  possess  key  features  of  a 
frameless  transparency:  a  constant-thickness  optical  area  and 
thickened  edge  sections  The  chickened  edge  sections  simulate  the 
potential  to  eliminate  the  frame  currently  used  on  aircraft 
transparencies.  In  addition,  mechanical  inserts  could  be  molded 
into  this  region  to  facilitate  direct  attachment  of  the 
transparency  to  the  aircraft.  The  development  of  t.he  process 
conditions  and  the  characteristics  of  part  shrinkage  are 
discussed  as  follows. 

Holding  conditions: 

-  Injection  pressure  :  750  psi 

-  Packing  pressure  :  750  psi 

-  Melt  temperature:  572  deg  F 

-  Screw  speed  :  50  rpm 

-  Filling  time  :  7.5-11  sec. 

~  Cycle  time  :  ~30  minutes 

-  Hold  temperature:  200  deg  F 

The  molding  process  for  large,  thick-walled  parts  is 
characterized  by  a  low  injection  pressure  and  a  long  cycle  time. 
The  low  injection  pressure  was  selected  to  reduce  residual 
stress  in  the  part  and  a  lower  machine  clamping  force  during 
molding.  As  a  result,  the  filling  and  cycle  times  for  large  thick- 
walled  panels  are  substantially  larger  chan  those  for  traditional 
molding  processes.  Molding  with  these  parameters  has  produced 
panels  with  acceptable  overall  molded  quality.  Extensive  coupon 
testing  has  also  shown  that,  impact  resistance  and  other  material 
properties  of  injection  molded  panels  meet  or  exceed  properties 
measured  for  extruded  sheets  of  t.he  same  material. 

To  characterize  through-the-thiclness  shrinkage  after  the 
part  cooled  to  room  temperature,  a  dimensional  mapping  study  of 
molds  and  molded  parts  was  undertaken  at  Sheffield  Measurements 
Inc.  of  Dayton,  OH.  Dimensional  mapping  s  simply  a  recording  of 
the  X,7,Z  coordinates  of  selected  points  on  the  surface  of  the 
parts  and  the  molds,  using  a  coordinate  measuring  machine  (CMM) . 
The  raw  CMM  data  was  processed  on  a  Silicon  Graphics  Iris 
workstation  by  Pat  ran/ PCI,  routines  to  produce  part  and  mold  cavity 
thickness  data  and  contours.  The  shrinkage  pattern  of  the  part 
was  then  calculated  by  subtracting  the  part  thickness  from  the 
mold  cavity  thickness.  A  typical  tabular  listing  of  shrinkage  in 
thickness  and  shrinkage  contours  for  a  conical  pane]  are  shown 
in  Figures  2  and  3,  respectively.  The  details  of  dimensional 
mapping  of  flat  and  conical  panels  are  described  in  Reference  3. 


The  general  characteristics  of  part  shrinkage  from  the 
dimensional  mapping  studies  are  summarized  below. 


-  The  thickness  dimensional  data  revealed  some  unusual  values  and 
trends.  Along  the  flow  direction,  the  molded  panels  are  generally 
thicker  near  the  gate  and  become  progressively  thinner  away  from 
the  gate,  toward  the  aft  plane.  Along  the  transverse  direction, 
variable  shrinkage  is  also  observed.  Shrinkage  is  largest  along 
the  centerline  and  decreases  gradually  toward  the  thickened  edges 
on  each  side. 


-  The  overall  dimensions  of  the  panels  also  shrink  after  molding. 
The  dimensional  differences  between  a  conical  panel  and  the  mold 
at  five  locations  are  shown  in  Figure  4.  In  general,  the  overall 
dimensional  data  revealed  no  extraordinary  results.  Values  and 
trends  shown  in  the  data  support  the  magnitude  of  a  standard 
shrinkage  factor  that  would  typically  be  considered  for  clear 
polycarbonate. 


-  Part  dimensions  from  panel  to  panel  are  fairly  consistent.  For 
both  flat  and  conical  panels,  the  variation  in  thickness  is 
between  0.001,,  -  0.003"  for  the  same  location  and  sinilar  molding 
conditions.  This  result  illustrates  one  of  the  advantages  in 
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The  material  on  the  thickened  edges  actually  expanded, 
making  the  thickened  edges  thicker  than  the  mold  cavity  itself. 
This  is  an  unusual  phenomenon  but  is  not  a  major  concern  as  the 
thickness  of  the  thickened  edges,  used  mainly  for  scructurai 
purposes,  is  not  critical  for  the  transparency’s  optical 
performance . 


EFFECTS  OF  KOEEIMG  PARAMETER  Otf  THE  SERINKA3E  PATTERN 

During  the  injection  molding  trials  of  transparent  panels, 
several  molding  parameters  had  bee.,  varied.  The  effects  of  these 
varied  parameters  on  part  shrinkage  are  presentee  here. 


Mo  1  di.na  ma ch ine  Two  different  types  of  molding  machines  at  two 
molding  facilities  have  beer;  uses  to  mold  flat  panels;  Hettinga 
and  Envirotech  (formerly  Eimco)  molding  mach-riei.  One  of  the  main 
differences  between  these  two  machines  vas  the  size  of  the 
nczzle/gate  in  the  mold.  The  nozzle  on  the  Fetcinga  machine  was 
0.525“  in  diameter,  as  opposed  to  the  2.25“  diameter  nozzie  on  the 
Envirotech  machine.  A  smaller  gate  promotes  tai_nkage  because  it 
can  freeze  off  prematurely  and  thus  terminate  part  pad.  ing  too 
soon.  As  a  result,  the  shrinkage  in  the  thickness  direction 
showed  tv.'o  different  patterns.  The  ones  siolaed  using  the 
Envirotech  machine  showed  larger  shrinkage  away  from  the  gate. 


with  maximum  shrinkage  along  the  centerline  being  approximately 
0.024".  The  flat  panels  molded  at  Hettinga  showed  less  shrinkage 
variation  in  the  optical  area,  with  as  much  shrinkage  near  the 
gate  as  shrinkage  away  from  the  gate.  The  higher  shrinkage  near 
the  gate  was  possibly  caused  by  premature  freezing  of  the  gate 
as  a  result  of  smaller  nozzle. 

Resin  material  Several  polycarbonate  resins  by  different 
manufacturers  have  been  used  in  the  molding  trials:  Dow  Calibre 
200-4  and  300-6,  and  General  Electric  Lexan  4701.  The  shrinkage 
patterns  for  different  resins  are  generally  similar,  except  for 
slight  differences  in  values.  The  Lexan  4701  exhibited  more 
shrinkage  than  the  Dow  materials. 

Packing  Different  degrees  of  mold  packing  has  also  been  studied: 
fully  packed  and  unpacked.  Fully  packed  panels  exhibited  much 
lower  shrinkage  than  those  not  packed  (approximately  0.024"  less) 
in  the  optical  area. 

Mnlr  flow  index  (MFI)  Dew  Calibre  300  polycarbonate  resin  with 
three  different  indices:  4,  6  and  15,  and  an  experimental  resin 
with  an  MFI  of  5.5  were  molded.  The  larger  the  melt  flow  index 
is,  the  easier  for  the  resin  to  flow  in  the  mold.  Thus  the  resin 
with  larger  index  tends  to  fill  the  mold  easier  and  shrink  less. 
The  melt  flow  index  vs.  shrinkage  obtained  for  flat  and  conical 
panels  show  different  results.  For  flat  plates,  the  results  in 
Figure  5  indicate  that  the  larger  the  index,  the  lower  the 
shrinkage.  For  conical  panels,  larger  index  did  not  cause 
lower  shrinkage.  This  discrepancy  may  be  caused  by  the 
interaction  between  MFI  and  the  geometry.  However,  the  effect  of 
melt  flow  index  on  shrinkage  is  small  and  resins  with  different 
MFI  show  the  same  shrinkage  trends  in  the  optical  section. 

Geometry  Two  geometries  have  been  tested:  flat  and  conical 
panels.  Even  though  the  flow  pattern  during  filling  for  both 
panels  are  quite  different,  the  shrinkage  patterns  in  the 
thickness  are  fairly  similar:  shrinkage  is  lower  near  the  gate, 
and  higher  away  from  the  gate.  However,  the  shrinkage  along  the 
transverse  direction  are  much  more  pronounced  in  the  case  of 
conical  panels,  probably  due  to  higher  pressure  drop  in  that 
direction . 

Hart  thickness  There  were  two  different  thicknesses  used  in  thas 
experiment  for  flat  panels  :  0.5"  and  0.75".  Figure  6  shov/s  that 
the  shrinkage  values  along  the  centerline  for  0.75"  thick  plates 
are  slightly  larger,  but  the  difference  is  negligible.  The 
higher  shrinkage  associated  with  thickei.  places  can  be  attributed 
to  the  fact  that  the  cooling  rate  is  reduced  for  larger  thickness 
and  consequently  shrinkage  increases. 

This  study  indicates  that,  among  different  parameters 
investigated,  cavity  pressure  (pressure  inside  the  mold  cavity) 
seems  to  be  the  most  dominant  molding  parameter  responsible  for 


the  variable  shrinkage  in  the  thickness  direction.  Other 
parameters  may  also  affect  shrinkage,  but  their  effects  are  either 
negligible  or  can  be  compensated  easily.  The  mechanism  for  cavity 
pressure  causing  variable  shrinkage  is  offered  as  follows:  ^ 

As  the  molten  resin  flows  through  the  gate  and  enters  the 
mold  cavity,  the  material  that  comes  into  contact  with  the  mold 
wail  will  solidify  imred^ately  since  the  wall  temperature  is 
maintained  around  200  deg  F.  The  temperature  and  pressure  of  the  « 

resin  will  drop  as  it  enters  the  gate  and  flows  toward  the  aft 
portion  of  the  part.  The  incoming  new  material  will  keep  the 
solidified  material  thin  anc  close  to  the  wall  near  the  gate. 

For  the  region  far  away  from  the  gate,  the  molten  material  is 
cooler  and  pressure  lower,  the  solidified  plastic  is  thicker  and 
can  shrink.  It  is  harder  to  push  it  against  the  wall.  Therefore, 
the  part  away  from  the  gare  is  less  compact  and  exhibits  more 
shrinkage . 

The  shrinkage  variation  cue  to  pressure  drop  during  packing  is 
inherent  in  the  process,  especially  for  the  geometry  with  long 
flow  length.  To  reduce  thickness  variation,  the  best  way  is  to 
understand  the  process,  come  up  with  a  best  estimate  for 
variable  shrinkage,  and  then  try  to  correct  it  by  design  the  mold 
cavity  slightly  differently  from  cne  intended  part. 


APPLICATION  OF  PANEL  RESULTS  TO  CFT  MOLD  DESIGN 

The  shrinkage  pattern  for  con.  cal  molds  have  been  used  to 
attempt  to  account  for  expected  variai~e  shrinkage  in  the  CET.  The 
Confirmation  Frameless  Transparency,  a  research  and  verification 
windshield,  has  been  designed  to  demonstrate  the  viability  of 
injection  molding  in  fabricating  an  aircraft  transparency.  The 
molding  trials  for  the  CFT  are  current.'/  under  way  at  Envirotech 
Molded  Products  at  Salt  Lake  City,  U7  .  The  compensation  is 
accomplished  by  adding  the  "thickness  correction"  to  the  target 
CFT  optical  area  and  oner,  base  the  mold  cavity  surface  on  the 
thickness  corrected  CF1  s  outer  mold  line  surface.  The  thickness 
correction  factor  used  can  be  represented  graphically  by  a  3-D 
curved  surface,  shown  in  Figure  7. 

In  that  figure,  the  X-axis  represents  tne  normalized  distance 
from  centerline  to  sill .  The  Y-axis  represents  the  normalized 
distance  from  the  game  to  the  afu  arch,  along  the  centerline.  The 
Z.~axis  represents  the  "expected"  shrinkage,  and  therefore,  the 
value  to  add  to  the  6  _gn  thickness  at;  that  location.  The  tapers 
ii.  Figure  7  are  to  account  for  the  shrinkage  in  the 
longitudinal  and  transverse  direction,  respectively.  The  detailed 
description  for  including  thickness  correction  data  in  the  optical 
area  cf  the  confirmation  frameless  transparency  is  given  in 
Preference  4. 


CONCLUSIONS  AND  RECOMMENDATIONS 


-  Based  on  the  experimental  results  for  process  evaluation 
panels,  it  can  be  concluded  that  injection  molding  is  a  viable 
technique  for  fabricating  aircraft  transparencies. 


-  Two  types  of  shrinkage  were  examined  in  this  study:  shrinkage  in 
overall  dimension  and  shrinkage  through  the  thickness.  While  the 
shrinkage  in  overall  dimensions  can  be  compensated  for  by  a 
constant,  shrinkage  factor,  the  shrinkage  compensation  in  part 
thickness  can  only  be  made  by  proper  mold  design. 

-  The  relationships  between  process  parameters  and  shrinkage  fc  r 
large  thick-walled  parts,  in  general,  are  similar  to  those  for  the 
traditional  thin-walled  parts.  However,  the  long  flow  length 
typically  encountered  in  large,  thick-walled  parts,  such  as 
aircraft  transparencies,  makes  variable  shrinkage  a  very 
pronounced  phenomenon. 

-  Cavity  pressure  is  the  most  dominant  molding  parameter  for  part 
shrinkage.  Another  parameter  that  may  also  influence  shrinkage 
strongly  is  cavity  temperature.  To  study  its  effect,  a  mold  with 
variable  temperature  capabilities  should  be  used.  An  ideal  mold 
should  have  different  temperature  zones  that  can  be  controlled 
independently . 

-  An  instrumented  mold  with  the  capability  of  measuring  cavity 
pressure  and  temperature  should  be  used  to  monitor  pressure  and 
temperature  in  the  mold  cavity  and  to  correlate  those  parameters 
with  variable  shrinkage. 

-  The  predictive  procedure  developed  in  this  study  will  be  refined 
after  dimensional  mapping  results  are  obtained  for  the  CFT's.  In 
particular,  magnitude  of  shrinkage  correction  for  mold  cavity  will 
be  determined  for  future  frameless  transparencies. 
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Figure  2.  Shrinkage  data  for  conical  panel  (in  thousandth  of  an  inch) 


Figure  4.  Overall  Dimensions  at  five  locations  (A-E) 
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Figure  5.  Melt  flow  index  vs  shrinkage 
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Figure  6.  Part  thickness  vs  shrinkage 
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<age  compensation  for  CFT  mold  cavity  geometry 


